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AHOTALIA

Hypaoinos 1.4. BankoBa po3nuBKa BUCOKOMILHUX aJIOMIHIEBUX CIIIaBIB AJIs
OJIepKaHHs MPOKATY 3 MiABUIICHUMH MEXaHIYHUMH BIacTUBOCTIMHU — KBamidikariitna
HAyKOBa Ipallsd Ha MpaBax PyKOIUCY.

Hucepramiss Ha 3100yTTS HAYKOBOTO CTyIeHs JokTopa dimocodii 3a
cnemianpHicTIO 136 «Metanyprisi» (13 — MexaniyHa imxeHepis). — Dizuko-
TEXHOJOTTYHUN 1HCTUTYT MeTaniB Ta ciiaBiB HAH Ykpainu, Kuis, 2024.

HuceprartiiiHa po6oTa IPUCBIYCHA BUPIIICHHIO HAYKOBO-TEXHIYHOI MTPOOIEMHU
BUPOOHMIITBA JIUCTOBOTO TMPOKATy 3 BUCOKOMIIHUX TEPMIYHO 3MII[HIOBAaHUX
IIOMIHIEBHX CIUIABIB IIJISXOM iX BaJIKOBOI PO3JIUMBKHU-NPOKATKH, PO3POOJIECHHIO
HAyKOBO-METOJIMYHUX IM1JIXO0/IIB Ta MPAKTUYHUX PEKOMEH/AIIIN 11010 1i peami3arii.

PobGoTa MICTUTh aHAMITUYHUN OIJIS, HAYKOBUX JDKEpENl 3a TEMaTHUKOIO
JUCEPTALIITHOrO AOCHIPKEHHS] LI0JI0 CTaHy 1 TEHAEHIIA PO3BUTKY CYYaCHUX
IPOMUCIIOBUX TEXHOJOTIM, 10 BUKOPUCTOBYIOTHCS JIsi BUPOOHUIITBA JIUCTOBOIO
METaJIONpPOKaTy. AHali3 Cy4aCHUX BITYM3HSHHUX Ta 3aKOPJOHHUX JOCIIIKEHb LI0JI0
OTPUMaHHS JIUCTOBOI METAJIOTMPOAYKINI 3 allOMIHIEBUX CIUIaBIB, IO TEPMIYHO
3MIITHIOIOTHCS, IOKAa3aB OCOOJIMBY aKTYaJbHICTD II€1 MPOOJIEMH TSl TAKUX TaTy3€eH, SK
pakeToOyayBaHHs Ta aBiailis. [lokazaHo, M0 OAHIEIO 3 MEPCHEKTUBHUX TEXHOJOTIHM
BUPOOHMIITBA JINCTOBOTO METAJIONPOKATy 3 TaKUX CIUIABIB € iX BaJIKOBa PO3JMBKa-
MPOKATKa, AKa JO3BOJISIE TapMOHI3yBaTH pOOOTY BCIX METaTypriliHUX arperarTiB B3J0BX
TEXHOJIOTTYHOTO JIAHI[IO’KKA Ta 3HU3UTHU CYMyTHI €HEPreTUYHI Ta KarmiTalbHI BUTPATH.
Bif3HaueHO npUYMHY BIACYTHOCTI y CBITI TEXHOJOTIT O€337MBKOBOi PO3JIMBKH-
MIPOKATKH JIMCTIB 13 3a3HaUYCHUX MaTepiaiiB OTEIep, AKa MOJArae y ayKe ITUPOKOMY
inTepBam kpucramzaii (> 130°C) amominieBux criaBiB 1ux cucrem (Al-Cu ta Al-
Zn).

Ha ocHOBI BUKOHAHOT0 aHATI3y JITEPATYPHUX TaHUX OOTPYHTOBAHO JAOLIIBHICTD

IMPOBCACHHA TCOPCTUIHHNX Td CKCIICPUMCHTAJIbBHHUX I[OCJ'IiI[)KeHB 3 pO3pO6KI/I HAaYKOBHX



Ta TEXHOJIOTTYHHUX OCHOB 0€33JIMBKOBOI PO3JIMBKHU-TTPOKATKA BUCOKOMIITHUX TEPMIYHO
3MIIHIOBAHUX AJTFOMIHIEBUX CIUIABIB.

B poGoti nnsi mpoBeneHHsS AOCHIPKEHb BUKOPUCTAHO IIMPOKUNA CHEKTP
MaTepialiB Ta METOAMK. SIK MeTayieBi MaTepiajl BUKOPHCTaHI AIIOMIHIEBI CIUIaBH
AJZ135, AMrS5 1 B95. Bonu € Hali6O11b111 MOMIUPEHUMHE TIPEICTaBHUKAMU J1e(hOpMOBaHUX
QTIOMIHIEBUX CIUIABIB, IO 3MIIHIOIOTHCS 3a JOMOMOTOI0 TepMidyHOI 00poOKu. Sk
MOJIeTIbHI MaTepiaiay npu (Pi3HYHOMY MOJEITIOBAaHHI BUKOPUCTAHO MPO30pE OpraHiyHe
cepenopunie kampen (CioHig) 1 3BuuaitHa Boja. [ mpoBeaeHHsS BiJIMOBIIHUX
pO3paxyHKIB Ta aHaji3y MpPOIIECIB, 10 BIAOYBAIOTHCA MPU BUIMPOOYBAHHSX, TAKOXK
HABEJICHO iX XIMIYHUWA CKJIaJ, (I3UYHI XapaKTEPUCTHKU Ta TeMOepaTrypu (pa3zoBUxX
MEePETBOPEHD JTOCIIKYBAHUX MaTEpialliB.

3arajibHa METOJIOJIOTIYHA CTPYKTypa poOOTH ToJisirajia Yy MPOBEACHHI
JTOCIKEHb 32 HACTYMHOK CXEMOI0: MareMaTHudHe Ta (Hi3uyHEe MOJICIIIOBAHHS
MPOILIECIB BAJIKOBOI PO3JIMBKHU (TEIJIO-MAaCOOOMIHHI MPOIIecH, (JOPMYBaHHS CTPYKTYpPH
JUCTOBOi 3aroTOBKM TOMIIO) 3 HACTYIHOIO EKCIIEPUMEHTAILHOI IEePEBIPKOIO
aJICKBaTHOCTI PE3YJIbTATIB MOJCIIOBAHHS TMPU PEAThbHOMY BaJIKOBOMY pPO3JIMBAHHI
JOCITIIKYBaHUX aJIFOMIHIEBUX CIUIaBIB Ha JJa0OPATOPHOI YCTAHOBIII.

MareMaTtnyHe MOJENIOBAHHS TEIUIO- MACOOOMIHHMX MPOLECIB MPH BaJKOBOI
PO3JMBII JIOCTIIHUX AJIFOMIHIEBUX CIUIaBIB MPOBOJAWIM y KOMITHOTEPHIN Mporpami
ProCAST. BuxiiHuMu TaHUMU JIJI1 MATEMAaTUYHOTO MOJIEIIIOBAHHSI OyJIM TEOMETPUYHI1
PO3MIpH BaJIKOBOTO KpHUCTalli3aTopa (JiaMeTp Ta MIMPUHA BAJIKIB), TOBIIMHA 3aTOTOBOK,
XIMIYHI CKJIaJU JOCIIKYBaHUX QJIFOMIHIEBUX CILJIaBIB, TEMIIEpaTypa Ta MIBUJIKICTH iX
PO3JITMBKH.

@di3uuHe MOJETIOBAaHHS TMPOIECIB  BaJKOBOI PO3JUBKU  JTOCHIIKYBAaHUX
QITFOMIHIEBUX CILJIaBIB MPOBOJMIIOCS HA OCHOBI Teopii 1mojo0u, 3a JOMOMOIOI0 SKOi
3pEIlTOI0 BU3HAYAIMCS TepexiaHi koedimieHTu (ToOTO MacmTabu MOJETIOBAHHS).
dopMyBaHHA JUTHX METATYPTIMHUX 3aroTOBOK CYMHPOBOKYETHCS BUKIIFOYHO

CKJIQJTHOIO B3a€MO/II€I0 PI3HUX MPOIIECIB (TETUIO- Ta MACOOOMIHY, KpUCTaIi3aIlii TOIIIO)
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1 s X TOPIBHSUIbHOI OIIIHKM BUKOPUCTOBYIOTH O€3pO3MipHI BEIMYHMHU, SKi
HA3MBAIOTHCS KpUTEpisiMU 1oao0u. Tomy mono (i3sMuHOTO MOJETIOBAHHS SKOTOChH
peabHOTO TIPOIECY 3 HATYpHOTO 00'ekTa HEOOX1THO 3a0e3leuyBaTH 1IEHTHYHICTh
BIMOBIIHOTO IIbOMY TMPOILIECY KPUTEPII0 TOMIOHOCTI (HAMpHUKIaA, KpHUTepii
Peiinonpaca Re — nmms 3abe3medeHHs iIEHTUYHOCTI PyXy OIHOPITHOTO TOTOKY;
kputepit Hyccenbra NU — 11t 3a0e31edeHHs 1ICHTUYHOCT] TeII00OMIHY TOIIO), IO
HaMU 1 OyJ10 3pO0JICHO TIi]] Yac MPOBEACHHS ITUX TOCIIIKEHb.

[IpobGnema oTpUMaHHS SKICHOI JIMCTOBOI 3arOTOBKH 33J1aHOT TOBIIIMHU METOJIOM
BaJIKOBOI PO3JIMBKM METaliB TOB'I3aHa 3 TUM, 110 (OpMYyBaHHS TaKUX 3arOTOBOK
B1I0YBA€THCSI MUTTEBO (3@ YACTKU CEKYH]) 1 CYNPOBOIKYETHCSI BUKIIFOYHO CKJIATHOIO
B3a€EMOJIIEI0 TEII0-MAacOOOMIHHMX mMporieciB. ToMy 1i mpoliecu HaMu BUBYAIKUCH 32
JIOTIOMOTOI0  YHCEJIBHUX PO3paxyHKIB y KoMmm'iotepHin mnporpami ProCAST.
MaremaTHYHUM MOJICJIFOBAHHSIM TEIJI0- MAaCOOOMIHHMX MIPOLIECIB ISl TOCTIKYBaHUX
CIUIaBIB BHM3HAYEHO PO3MOJAUT TEMIIEpaTypHUX TMOJIB Ta CTYNEHS KpUCTami3alii
pO3IUIaBy 3a MOMEPEYHUM MEPEPI30M BAJIKIB JJI PI3HUX MIBUAKOCTEN po3nuBkH (0,3 +
1,2 m/c) 1 TOBIIMH 3aroTOBOK (2 + 4 MM) y JBOX BapiaHTax: 0€3 ypaxyBaHHS Ta 3
ypaxyBaHHSM T1IPOJUHAMIKH METaTy B P1AKIN JyHIIL.

B pe3ynpTari 0OYMCIIOBAJIbHUX EKCIEPUMEHTIB IS BCIX JOCHIIKEHUX
amomiHieBux cmiaBie B95, AMrS 1 AJI35 Bnepiie oTpuMmaHi pIBHSHHS IS
BHU3HAYECHHS IIBUJKOCTEN pO3NUBKY BULY V=f(0, f, R, At) npu 3aJjaHUX TEXHOJOTTYHUX
napameTpax MpoIiecy: TOBIIMHA 3ar0TOBOK (0 = 2 + 4 MM), KyT MeHicka (f = 10 + 33
rpan.), paaiyc Baika (R = 200 + 400 mm); TemmnepaTypa neperpiBy posmiany (A4t = 10
+ 60 °C). Po3paxyHKOB1 3Ha4€HHS MIBUIKOCTEH PO3JIMBKHU 3a0€3IME€UNUIIN OTPUMAHHS
SAKICHUX JIMCTOBUX 3arOoTOBOK 3aJaHOI TOBIIMHU Ha JIAOOpATOpHIM YCTAHOBII Ta
MOKa3aJId BUCOKY aJICKBATHICTh 13 peaIbHUMH 3HAUYCHHSMH IIBUIKOCTEH PO3JTMBAHHS
JTAHUX CIIJIaBiB.

BpaxoByroun HEpo30piCTh METANEBUX CILIABIB, BIUIMB TETUIO- MAaCOOOMIHHHMX

NPOLIECIB Y BAJIKOBOMY KpHUCTami3aTopi Ha (QOpMYyBaHHA CTPYKTYpPH JIMCTOBUX



3aroTOBOK BHBYEHO METOJOM (Pi3MUHOTO MOJENIOBAaHHS HA IIPO30POMY OPraHIYHOMY
cepenoBuiii — kamdeni. [Ipu 11poMy BU3HaU€HO ONTUMAJIBHI TAPAMETPH LIUX MPOIIECIB,
IpU SIKUX 3a0e3neuyeThesi GOpMYBaHHS SIKICHOI JJUCTOBOI 3aTOTOBKH.

JloBeneHo, 1m0 €hEeKTHBHICTh TEIUIOBOI POOOTH BAJIKOBOTO KpHICTaTi3aTopa
(ToOTO  IHTEHCHUBHICTh TEIUIOOOMIHY MDK pPO3IJIABOM MeETaly 1 BajJKOM-
KPUCTAII3aTOPOM) € TOJIOBHUM (HaKTOpOM, SKHH JIIMITY€E TpoIeC KpucTamizaimii Ta
MIBUJKICTh PO3JMBKUA MeTaly. B 3B’S3Ky 3 UM PO3TISHYTO MOXJIHMBICTh KEpPyBaHHS
TEIUIOBIABEACHHSAM BiJ] METaly, 110 TBEPJHE, /10 BOJH, KA OXOJO/KYE BaJKOBHM
KpHUCTaII3aTop. K BaXkesi AJisl KepyBaHHS TEIUIOOOMIHHUMU MPOIIECAMU Y BAIKOBOMY
KpHUcTaaizaropi Oy 3aCTOCOBaHI: MIBHJIKICTh pyXy BOAM B 3aKPUTUX KaHalaxX BaJKiB-
KpHUCTAII3aToOPiB, 30UIBIIEHHS IUIONI TOBEPXOHb TEIUIOOOMIHY BaJIKiB, a TaKOX
HAHECEHHS ITYYHOI MIOPCTKOCTI HA BHYTPIIIHIX MOBEPXHSX BAJIKIB, 10 KOHTAKTYIOTh
3 BOJI0I0. BcTaHoBieHO, 110 HaliBUIlla €(DEKTUBHICTH TEIJIOBOI POOOTH BaJIKOBOTO
KpHUCTajizaropa 3a0e3MeuyeThCsl MPYU HAaHECEHH] MOPCTKOCTI Ha OaHga)xax BajKiB. 3a
IHIIMX PIBHUX YMOB KUJIBKICTh TEILIA, IO BIIBOJUTHCA y BAIKOBOMY KPHCTaII3aTOPI,
U [IbOMY 30UTBIITY€EThCS 110 45%.

3anporoHOBaHO MeEXaHi3M MIABUIINEHHS 1HTCHCHUBHOCTI TEIJIOBIJIBEJACHHS B
KPUCTAII3aTOP1 3 MIOPCTKICTIO MMOBEPXHI TEMJI000MIHY, SIKa MOJISATAE Y 3M1HI XapaKkTepy
pyXy TOPHUCTIHKOBOTO Mifmiapy moToky. [lig yac HabiraHHs MOTOKY TEIUIOHOCIS Ha
BUCTYIN 32 HUM YTBOPIOETHCS BUXOP, KU pyHHY€E JJaMIHAPHUI MigUIap MOBHICTIO 200
3MEHIITyE€ HOTO 3a TOBIIMHOIO, BHACIIJIOK YOT0 TEIJIOBIIBEACHHS TEIUIONPOBIIHICTIO
3MIHIOETBCS Ha TEIUIOBIABEACHHS KOHBeKIiero. Ilopsng 3 iHTEeHcHIKaIliE
TEIJIOBIABEACHHS, WIOPCTKICTh, 3aBASKM TypOymi3alii MPHUCTIHKOBOTO MPOLIAPKY
NOTOKY, ICTOTHO 3HWXYE WMOBIPHICTh YTBOPEHHS HAKUIy Ha TEMIOOOMIHHIN
NOBEPXHI, a, BIANOBIAHO, 30UIbLIYE MEPIOAUM MNPOPIIAKTUYHOTO OOCTYyrOBYBaHHS
KpHUCTaII3aTOPiB.

[Tpu BuBUeHHI (hOpMYBaHHS CTPYKTYPH JIMCTOBOT 3arOTOBKH 3 KaM(peHy HAOUHO

MOKAa3aHO MPO BAXJIMBICTh 3a0€3MEUEHHS OJHAKOBUX TOBIIMH KIPOK HA MOBEPXHIX



BaJIKIB [PU BXOJ1 B 30HY MPOKATKU. 3yMOBJICHO 11€ TUM, IO MPU OJJHAKOBIM TOBIIMHI
KIpOK y JJaH1# 30H1 MPOKATKU 3a0€3MeuyeThCs 1ACHTUYHICTB iX JedopMaliiif, BHACTIIOK
4Ooro BiJI0YBA€ThCS PIBHOMIPHUM po3NoIuI AedopMaIliiHUX Ta TEPMIYHUX HAIMPYKECHb
13 mepepizy 3aroTOBOK. A HEPIBHOMIPHICTh HAIPYT, SIK BIIOMO, € OCHOBHOIO IIPUYHHOIO
BUHUKHEHHS TOJIOBHOTO Je(eKTy Yy TaKMX 3aroTOBKaX — IOBEPXHEBHUX TPIIIUH.
BcraHoBieHo, 110 TOBIIMHA 3aroTOBOK MpHU BUXOJl 3 BajikiB Ha 15-25% wmeHie
CyMapHOi TOBIIMHU KIPOK Ha BaJkax 1 IO 3a paxyHOK nedopmaiii X Kipok
Bi1I0yBaeThcsl TpaHchopMalliss Tpy0oi TNepBUHHOI iX OyaoBH y JApiOHO3EPHUCTY
CTPYKTYpPY 3arOoTOBKU Ha BUXO/I1 13 30HU MPOKATKHU.

ExcriepuMmenTanbHO Ha TaOOpaTOpHIM yCTaHOBIII MO BaJKOBOMY PO3JIMBAHHIO
METaJiB OTPHMMaHI JIUCTOBI 3arOTOBKM HEBEJIMKOI TOBIIMHU 13 YCIX JOCIIPKYBaHHUX
aNIOMIHIEBUX cIiaBiB. JlJIg BCIX AOCHIPKYBAHMX CIUIABIB MPAKTUYHO MEPEBIPEHO
BIIMOBIHICTh PO3PAXyHKOBUX MIBUAKOCTEH iX PO3JIMBKH, BU3HAUEHI MaTEeMaTUUYHUM
MOJICJIIOBAHHSIM, PEAIbHUM 3HAYCHHSIM, NP SKUX OTPUMaHI SKICHI JIMCTOBI 3aTOTOBKU
3aBTOBIIKH 110 4 MM Ta mmpuHOO 10 400 MM. JloBeaeHo, 0 AJid yCiX CIUIaBiB 301ru
3HAY€Hb PO3PaXYHKOBHX Ta PEAIbHUX IIBUIKOCTEH PO3JIMBKY 3HAXOASATHCS HA PIBHI >
95%, ski cBiAYaTh MPO AJEKBATHUN OIMUC PEaNbHOIrO MPOIECY 3aIpPONOHOBAHUMU
MaTEeMaTHYHUMHU MOZENAMUA. TakoXK B pe3ylbTaTi NPOBEACHUX EKCIEPUMEHTIB
BCTAHOBJICHO, III0 OCHOBHMMH TapamMeTpaMmH, IO 3a0e3MeuyroTh CTaOUIbHICTD
TEXHOJIOTIYHOTO TPOIIECY JUTTS JUCTOBUX 3aroTOBOK 3 JIOCTITHUX QIFOMIHIEBUX
CIUIaBIB € TemIeparypa TeperpiBy, IIBUAKICTh PO3JIMBKH Ta IHTEHCHBHICTh
TEIJIOBIABECHHS y BaJIKOBOMY KpHUcTamizaTopi. HaykoBo oOrpyHTOBaHMIA MiAOIp 1TUX
mapaMeTpiB IpU BaJKOBOMY PO3JIMBAaHHI JOCHIIKYBAHUX aJFOMIHIEBUX CIIJIaBIB
JI03BOJIMB BIIEPIIIC Y CBITOBIM METaTypriiiHIN MPaKTHUIl OTPUMATH JTUCTOBI 3aTOTOBKH
13 BUCOKOMIITHOTO aJIOMIHI€EBOTO cruiaBy cuctemMu Al-Zn (B95) 3 myxe mmpokum
1HTEepBaioM Kpucramizaiii (>160°C).

3a pe3yapTaTaMu peabHUX JIOCHIKEHb Ha alFOMIHIEBUX CIUIaBaX BCTAHOBJICHI

3aKOHOMIPHOCTI TpaHcopMmallii CTPYKTYpH Ta BJIACTUBOCTEN JIMCTOBUX 3arOTOBOK 3



[MX CIUIaBIB Y TEXHOJIOTYHOMY JIAHIIOKKY «BaJIKOBA PO3JIMBKA — rapsya MpoKaTKa —
TepMmiuHa 00poOka». [l KOXKHOTO eTamy TEXHOJOTIYHOTO TMPOIEeCy BHU3HAUEHO
KUIBKICHI ~ XapaKTEPUCTUKH CTPYKTYyp o—Al TBepIoro po3uMHy, a TaKOXK
iHTepMeraninguux ¢a3 (E — ol'emHy uactky iHTepmetanmigHux ¢a3; D — posmip
KPHUCTAJIIB IHTEpMETaIiiB; A — mapameTp (opMu IHTEpMETAai IiB, [0 BUSHAYAETHCS SIK
CIIBBITHOIIIEHHS O1IBIIIOT0 PO3MIPY KpHCTaja A0 MEHIIOTo, R — po3mip JeHIpUTHUX
ocepenkiB, Ar — mapaMmerp (GopmMu ACHIAPUTHUX OCEPEIKIB), MPHU SKUX OTPUMYyBaHa
afOMiHI€BA ITa0a Ma€ HAMBUII MOKAa3HUKU MEXaHIYHUX XapakTepucTHK. JloBeneHo,
10 piBEHb MEXaHIYHUX XapaKTEPUCTHK Ha BCIX €Tarax TEXHOJIOT1YHOTO MPOIIECY,
TOJJOBHUM YHMHOM, BHU3HAYA€ThCA pO3MIPOM MEPBUHHUX KpucTaiiB o—Al Ta
1HTepMeTamaHuX (a3, AKi CyTTEBO 3ajiekaTh BiJ CHOCOOY TEpMIUuHOI OOPOOKH.
HaiiGinpm BUCOKa MIIHICTh rapsiyekaraHux mrad 31 cruiaBiB B95, AMrS 1 AJ[35
JIOCATAETHCS TAPTYBAHHSM 31 IITYYHUM CTapiHHAM, IJIACTHYHICTh — IPU MPUPOTHOMY
crapiadi. OTpuMaHUN pIBEHb 3HAYEHb MEXaHIYHUX XapaKTEPUCTUK JJIsI BCIX

JOCJIIKEHUX CIUIaBIB MOMITHO BUIIE, HI’K BIJIMOBIIHI CTaHAAPTHI 3HAUCHHS.

KuarwuoBi cioBa: Oe3nepepBHa BaJKOBa PO3JMBKA-TIPOKATKA, BUCOKOMIITHUN
aNIOMIHIEBUM cIiaB, (i3WYHE Ta MaTeMaTU4YHE MOJCIIOBAHHS, JIUTa 3aroTOBKa,

JUCTOBUI METAJIIONPOKAT, CTPYKTYpa, BIACTUBOCTI.



ABSTRACT

Nuradinov I.A. Roll casting of high-strength aluminum alloys to produce rolled
products with improved mechanical properties — Qualification scientific work on the
rights of a manuscript.

Dissertation for the degree of Doctor of Philosophy in the speciality 136
"Metallurgy"” (13 — Mechanical Engineering) — Physical and Technological Institute of
Metals and Alloys of the National Academy of Sciences of Ukraine, Kyiv, 2024.

The dissertation is devoted to solving the scientific and technical problem of
producing rolled sheets from high-strength heat-strengthened aluminum alloys with
enhanced mechanical properties, developing scientific and methodological approaches
and practical recommendations for its implementation by roll casting.

The work contains an analytical review of scientific sources on the subject of the
dissertation research on the state and trends in the development of modern industrial
technologies used for the production of sheet metal products. The analysis of modern
domestic and foreign research on the production of sheet metal products from thermally
hardened aluminum alloys has shown the particular relevance of this problem for such
industries as rocketry and aviation. It is shown that one of the promising technologies
for the production of sheet metal products from such alloys is their roll casting and
rolling, which allows harmonizing the work of all metallurgical units along the
technological chain and reducing the associated energy and capital costs. The reason
for the absence of ingotless casting and rolling technology for sheets from these
materials in the world to date is noted, which is the very wide crystallization interval (>
130°C) of aluminum alloys of these systems (Al-Cu and Al-Zn).

Based on the analysis of literature sources, the expediency of conducting
theoretical and experimental research on the development of scientific and
technological foundations for ingotless casting and rolling of high-strength thermally

hardened aluminum alloys is substantiated.
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A wide range of materials and techniques were used in the study. As metal
materials, we used aluminum alloys EN6082, EN5056, and EN7075, which are among
the most common representatives of deformable and heat-treated aluminum alloys. The
transparent organic medium camphine (C1oH16) and ordinary water were used as model
materials in the physical modeling. The chemical composition, physical characteristics,
and phase transformation temperatures of the studied materials are presented to perform
relevant calculations and analyze the processes occurring during the tests.

The general methodological structure of the work consisted of conducting
research according to the following scheme: mathematical and physical modeling of
roll casting processes (heat and mass transfer processes, formation of the structure of a
sheet billet, etc.), followed by experimental verification of the adequacy of the
modeling results in real roll casting of the studied aluminum alloys at a laboratory
installation.

Mathematical modeling of heat and mass transfer processes during roll casting
of the investigated aluminum alloys was carried out in the ProCAST computer system.
The initial data for the mathematical modeling were the geometric dimensions of the
roll crystallizer (diameter and width of the rolls), the thickness of the billets, the
chemical compositions of the studied aluminum alloys, the temperature and speed of
their casting.

The physical modeling of the roll casting processes of the studied aluminum
alloys was carried out on the basis of the theory of similarity, which ultimately
determined the transition coefficients (i.e., the modeling scale). The formation of cast
metallurgical billets is accompanied by an extremely complex interaction of various
processes (heat and mass transfer, crystallization, etc.) and for their comparative
evaluation, dimensionless values called similarity criteria are used. Therefore, when
physically modeling a real process from a natural object, it is necessary to ensure the

identity of the similarity criterion corresponding to this process (e.g., Reynolds criterion
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Re to ensure the identity of the homogeneous flow; Nusselt criterion Nu to ensure the
identity of heat transfer, etc.), which we did in the course of these studies.

The problem of obtaining high-quality sheet billets of a given thickness by roll
casting is associated with the fact that the formation of such billets occurs
instantaneously (in fractions of seconds) and is accompanied by an extremely complex
interaction of heat and mass transfer processes. Therefore, we studied these processes
using numerical calculations in the ProCAST (automated calculation system).
Mathematical modeling of heat and mass transfer processes for the studied alloys
determined the distribution of temperature fields and the degree of melt crystallization
along the cross section of the rolls for different casting speeds (0.3 + 1.2 m/s) and billet
thicknesses (2 ~ 4 mm) in two variants: without and with consideration of the
hydrodynamics of the metal in the liquid well.

As a result of computational experiments for all studied aluminum alloys
EN7075, EN5056 and EN6082, equations for determining casting speeds of the form
V=£(o, B, R, At) were obtained for the first time at the given technological parameters
of the process: billet thickness (6 = 2 + 4 mm), meniscus angle (f = 10 + 33 degrees),
roll radius (R = 200 + 400 mm); melt superheat temperature (4t = 10 + 60 °C). The
calculated values of the casting speeds ensured the production of high-quality sheet
billets of a given thickness at the laboratory facility and showed high adequacy with the
actual values of the casting speeds of these alloys.

Taking into account the opacity of metal alloys, the influence of heat and mass
transfer processes in a roll crystallizer on the formation of the structure of sheet billets
was studied by physical modeling on a transparent organic medium - camphene. At the
same time, the optimal parameters of these processes were determined, which ensure
the formation of high-quality sheet billets.

It has been proven that the thermal efficiency of the roll crystallizer (i.e., the
intensity of heat transfer between the metal melt and the crystallizer roll) is the main

factor limiting the crystallization process and the rate of metal casting. Therefore, the
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possibility of controlling the heat transfer from the solidifying metal melt to the cooling
water through the crystallizer roll band was considered. The following were used as
levers to control heat transfer processes in the roll crystallizer: water velocity in the
closed channels of the crystallizer rolls, increasing the area of the rolls' heat transfer
surfaces, and creating artificial roughness on the inner surfaces of the rolls in contact
with water. It has been established that the highest thermal efficiency of the roll
crystallizer is achieved by introducing artificial roughness on the roll bands. All other
things being equal, the amount of heat removed in the roll crystallizer increases by up
to 45%.

A mechanism for increasing the intensity of heat removal in a crystallizer with
an artificial roughness of the heat exchange surface, which consists in changing the
nature of the movement of the wall sublayer of the flow, is proposed. When the coolant
flow hits the protrusion behind it, a vortex is formed, which destroys the laminar
sublayer completely or reduces its thickness, as a result of which heat removal by
thermal conduction is replaced by heat removal by convection. Along with the
intensification of heat removal, roughness, due to the turbulence of the wall layer of the
flow, significantly reduces the likelihood of scale formation on the heat exchange
surface, and, accordingly, increases the periods of preventive maintenance of
crystallizers.

When studying the formation of the structure of a camphene sheet billet, it is
visually shown that it is important to ensure the same crust thickness on the surfaces of
the rolls at the entrance to the rolling zone. This is due to the fact that the same thickness
of crusts in the rolling zone ensures the identity of their deformations, resulting in a
uniform distribution of deformation and thermal stresses across the cross-section of the
billets. And the unevenness of internal stresses is known to be the main cause of the
main defect in such workpieces - surface cracks. It was found that the thickness of the

billets at the exit from the rolls is 15-25% less than the total thickness of the crusts on
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the rolls and that due to the deformation of these crusts, their coarse primary structure
is transformed into a fine-grained structure of the billet at the exit from the rolling zone.

Small-thickness sheet billets from all the studied aluminum alloys were
experimentally produced at a laboratory roll-casting facility. The compliance of the
calculated casting speeds determined by mathematical modeling with the actual values
at which high-quality sheet billets up to 4 mm thick and 400 mm wide were obtained
was practically verified. It is proved that for all alloys, the coincidence of the calculated
and real casting speeds is > 95%, which indicates an adequate description of the real
process by the proposed mathematical models. The experiments also revealed that the
main parameters that ensure the stability of the technological process of casting sheet
billets from the experimental aluminum alloys are the overheating temperature, casting
speed, and heat removal rate in the roll crystallizer. The scientifically based selection
of these parameters during roll casting of the studied aluminum alloys made it possible,
for the first time in the world metallurgical practice, to produce sheet billets from a
high-strength aluminum alloy of the Al-Zn (EN 7075) system with a very wide
crystallization interval (>160°C).

Based on the results of actual studies on aluminum alloys, the regularities of
transformation of the structure and properties of sheet billets made of these alloys in
the technological chain "roll casting - hot rolling - heat treatment” have been
established. For each stage of the technological chain, the quantitative characteristics
of the a-Al solid solution structures and intermetallic phases (E - volume fraction of
intermetallic phases; D - size of intermetallic crystals; A - parameter of the shape of
intermetallics, defined as the ratio of the larger crystal size to the smaller one, R - size
of dendritic cells, Ar - parameter of the shape of dendritic cells) have been determined,
at which the resulting aluminum strip has the highest mechanical characteristics. It is
proved that the level of mechanical characteristics at all stages of the technological
process is mainly determined by the size of primary a-Al crystals and intermetallic
phases, which significantly depend on the heat treatment method. The highest strength
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of hot-rolled bars made of EN7075, EN5056, and EN6082 alloys is achieved by
quenching with artificial aging, and ductility is achieved by natural aging. The obtained
level of mechanical characteristics for all studied alloys is significantly higher than the

corresponding standard values.

Keywords: continuous roll casting, high strength aluminum alloy, physical and

mathematical modeling, cast billet, rolled metal sheet, structure, properties.
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BCTYII

AKTyanbHicTh npoOjemMu. IlocTiitHO 3pocTaroumii MONMAT HA TOHKHMA
METaJIONPOKAaT 3 aJIOMIHIEBHX CIUIABIB 3YMOBJICHUH JyK€ ILIUPOKUM CIEKTPOM
3aCTOCYBaHHS I[bOTO ACOPTUMEHTY METaJOMpOAYKIlii, 06e3 sKoi BaKKO YSBUTHU B
CYy4acHOMY CBITI TaKi ramy3i K aBia-, MalllMHO- Ta MPUJIaA00y1yBaHHs, Oy iBeIbHA Ta
xapuoBa rany3i toupo. [lepeBarm BUKOPHUCTAHHS TOHKOTIO MPOKATY MOJSATAIOTh Y
JIETKOCTI 3aCTOCYBAaHHSA JI0 HHOTO PI3HOTO POy BHAIB OOPOOKU Ta MAJIOBIIXOTHICTh Yy
BUPOOHUIITBI 3aBASKH HAOIMKEHHIO T€OMETPUYHUX PO3MIPIB MPOKATy 10 PO3MIpIB
KIHIIEBOT'O BUPOOY.

Oco0mmBO akTyalnbHUM JUIsl YKpaiHM Ha ChOTOAHIIIHINA JE€Hb € JIUMCTOBUI
METaJIONpPOKaT 13 BUCOKOMIIHUX aJIOMIHIEBUX CIUIaBiB. 30Kpema, B aBla- Ta
pakeToOyyBaHHI, FOJIOBHUM YHHOM, BUKOPUCTOBYIOTHCS 3MILIHIOBAHI TEPMIYHOIO
00poOKOI0 BHCOKOMIIIHI aylfoMiHi€Bl cruiaBu cucremu Al-Zn-Mg-Cu 1 cmiiaBu
cepelHboi Ta mijiBuIeHo1 MirHOCTI cucteMu Al-M(@-Cu. Bonu BUKOHYIOTH (DYHKITITO
OCHOBHOI'O0 KOHCTPYKLIAHOIO Marepiaay sl TOJOBHUX CHUJIOBUX €JIEMEHTIB Ta
OOIIMBKH JIITaKiB Ta pakeT ((ro3ensiK, KPUio TOIIO). BUKOpUCTaHHS aTtOMiHIEBUX
CIUTaBIB I[IUX CHUCTEM TIPH CTBOPEHHI €JIEMEHTIB PAKETHOI TEXHIKH PI3HOTO
MPU3HAYEHHSI Ma€ He3alepeyHy IMepeBary yepe3 BUCOKI 3HAYEHHS! MTUTOMOI MIITHOCTI
TaKUX MaTepiaiiB MpH BIAHOCHO HEBEIHUKIM 1X Maci.

TpanuuiiiHi TEXHOJOT1i OTPUMAHHS TOHKOIO METAJONPOKATy 3 BUCOKOMIIHUX
TIOMIHIEBUX CIUIaBIB (PO3AUTHHE JMTTS 3aroTOBOK Ta IX HACTYMHA IUJIACTHYHA
nedopMalliss Ha TPOKATHOMY YCTaTKyBaHHI) He 3a0e3MeuyloTh ONTHUMAJIbHOTO
CHIBBIIHOUIEHHS SIKICTb-COO1BAPTICTh. [ 0JIOBHUM YMHOM, II€ TIOB'I3aHO 3 MPOOJIEMOIO
BHUCOKHMX €HEPTeTUYHUX 1 KaliTaJIbHUX BUTPAT MPU BUPOOHHIITBI TOTOBOTO MPOKATY.
[ToTeHmiitHI MOMJIMBOCTI JJIA KapJiHAJbHOTO 3HIDKEHHS COOIBapTOCTI Mae
TEXHOJIOT1YHA CXeMa BUPOOHMIITBA TOHKOT'O JIMCTA 0€3MOCEPEAHBO 3 PIIKOT0 METAITY 13
3aCTOCYBAaHHSAM JBOBAJIKOBHX MAIIMH PO3JIMBKU-TPOKATKU 3aroTOBOK. 3aCTOCYBaHHS

TaKol CXEMHM OACpKAaHHA IIPOKATy MJO3BOJIIE€E CYTTEBO BIUIMBATH Ha IIPOHCCH
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dbopMyBaHHS X CTPYKTYpH Ta (Di3UKO-MEXaHIYHUX XapaKTEPUCTHK, a TAKOXK 3HAYHO
CKOPOTHUTH TEXHOJOTTYHUN IIUKI BUPOOHMIITBA METATIOMPOKATY.

CraHOM Ha CHOTOAHINIHIN JIEHb B MPOMUCIOBOCTI HA YCTAHOBKAX BAJIKOBOTO
JHUTTSA-TIPOKATKH BUTOTOBISIOTHCSI JIMCTOBI 3arOTOBKM 3 YHCTOTO anioMiHiio (abo
OJM3BKUX JI0 HHOTO CIUIABIB) JIJIsT BUPOOHUIITBA (HOIBIH. Ajie HAUOIIBINI 1HTEpEC Y
[[bOMY KOHTEKCTI CTAaHOBJIATh BUCOKOMIIIHI altoMiHi€eBI criaBu cucteM Al-Cu (cepis
2xxx) Ta Al-Zn (cepis 7xxx), 3MIIHIOBaHI TepMidHOK 0OpoOkoro. OmHak moci
OTPUMATH JIMCTOBI 3arOTOBKH 13 3a3HAYEHUX CIUIABIB CIIOCOOOM BAaJIKOBOi PO3JTUBKH-
OPOKATKM HE BAABAJIOCS, L0 TMOB'SI3aHO 3 AYXKE MIUPOKUM I1HTEPBAJIOM iXHBOI
kpuctanizauii (> 130°C). Tomy po3MIMpPEeHHS MOXKIMBOCTEW BUKOPUCTAHHS TEXHOJIOT 1]
BAJKOBOI PO3JMBKU MJI LIMPILIOTO CIEKTPY AJIOMIHIEBUX CIUIaBIB € Ba)KJIMBUM
HAYKOBO-TIPAKTHYHUM 3aBJIaHHSIM.

3B's130Kk po00TH 3 HAYKOBMMHM NPOrpaMaMu, IJIAHAMH, TeMaMHu. J(ncepranis
BUKOHAaHa BIAMOBIAHO 10 3akoHy VYkpainu Ne 2519-VI Bim 9.09.2010 p. "IIpo
NpIOPUTETHI HANpsIMU PO3BUTKY Hayku 1 TexHiku" Ta Ilepenika mnpiopUTETHUX
TEMaTUYHUX HaIMpsMIB HAYKOBUX JOCIIIKEHb 1 HAYKOBO-TEXHIYHHUX PO3POOOK,
TEMaTUYHUX TUTaHIB B DI3UKO-TEXHOJIOTTYHOMY 1HCTUTYTI MeTamiiB Ta cruiaBiB HAH
Yxkpainn (OTIMC HAH Vkpainu) B pamkax HJIP mo temax: III-17-12-626
«JlocmimkeHHS ~ TPOIECIB  TEIUIOMAacOOOMIHY,  TBepAiHHA,  aedopmamii i
CTPYKTYpPOYTBOPEHHSI METalIeBOi CTPIUKK MpHW JIUTTi-ipokaryBaHHI»; [I1-24-18-688
«/locmikeHHs BIUIMBY IIBUJIKICHOTO OXOJIO/PKCHHS PO3IUIaBiB B YMOBAX BaJKOBOTO
JUTTS Ha CTPYKTYPOYTBOPEHHS 1 BJIACTUBOCTI BUCOKOMIIIHUX ANIOMIHIEBUX CILIABIB,
10 1e€(POPMYIOTHCS.

Meta po6oTH — po3poOKa HAYKOBO-METOJIWYHUX TMIAXOIIB Ta MPAKTUIHHUX
peKOMeHJaIli 100 peadi3allii BaJIKOBOi PO3JIMBKU-TIPOKATKH BUCOKOMIITHUX
IIOMIHIEBUX CIUIaBIB 3 OTPUMAHHSIM JIMCTOBOTO TPOKATy 3 MiABULICHUMHU
MEXaHIYHUMH BIACTUBOCTIIMH.

JI71s1 AOCSITHEHHS! TTOCTABJICHOI METH HEOOX1/THO BUPIIIUTH TaKl 3aBJaHHA.
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— MaTeMaTUYHUM MoJjiesifoBaHHsIM Yy iporpaMi ProCAST 3’scyBaTu 0co0IMBOCTI
TEIUIO-MacOOOMIHHHMX TIPOLIECIB Yy BajJKOBOMY KpHCTaJi3aTopl MpU PO3JIMBII
JOCITIKYBaHUX JIFOMIHIEBUX CIJIaBIB;

— (hi3MYHUM MOJICTTIOBAHHAM BCTAHOBUTH OCHOBHI 3aKOHOMIPHOCTI TETNIOOOMIHY
y BaJKOBOMY KpHCTaNi3aTOpl 3aJIe)KHO BiJl MapaMeTpiB PO3TUBAHHS JTOCIHITKYBaHUX
aJIFOMIHIEBUX CILJIABIB;

— (I3UYHUM MOJIETIOBAHHSAM IPOLIECIB BAJIKOBOI PO3JIMBKH METAJIECBUX CIUIABIB
Ha MPO30PUX OPraHIYHUX CEPEJOBMINAX BU3HAYUTH TpaHChOpMaIliio KpUCTaTIYHOL
OyZI0BU JIMCTOBOI 3arOTOBKH MIPH MEPEXO0/I1 13 30HU KPUCTaIIi3allli B 30HY MPOKATKH;

— BCTAHOBUTH 3QJICKHICTh CTPYKTYPH JINTUX 3arOTOBOK B1J] CKJIaAy aTlOMIHIEBUX
CIUIaBIB Ta MIBUAKOCTI IX OXOJIOJKEHHS MTPU PO3TUBAHHI;

— BCTAHOBHUTH 3aKOHOMIPHOCTI B3a€MO3B'I3KY BJIACTUBOCTEMN KIHIEBOI JUCTOBOI
METAJIONPOAYKIIIT 3 JOCTII)KYBaHUX aTIOMIHIEBUX CIUIABIB 3 IEPBUHHOIO CTPYKTYPOIO
JUTHUX 3arOTOBOK 3 HUX;

— po3po0OUTH HAYKOBO OOIPYHTOBAHI TEXHOJOTIYHI Ta TEXHIYHI PIIIEHHS JJIs
OTPUMAaHHS SIKICHOI JIMCTOBOI METAJIOMPOAYKIIIT 3 TOCTIIPKEHUX aTIOMIHIEBUX CILJIaBiB
CYMIIIIEHUM CTIOCOOOM JIUTTS Ta MPOKATKH.

00'exT pocaimxenns. MetanypriiiHuii mpolLec BaJIKOBOI pO3JTUBKU-TIPOKATKU
QJIFOMIHIEBHX CILJIaBIB PI3HOTO XIMIYHOTO CKJIATY.

IIpeamer nmociaigkeHHsl. 3aKOHOMIPHOCTI (POpPMyBaHHS CTPYKTypU Ta
BJIACTUBOCTEH JIMCTOBOI METAJOMPOAYKIIi 3 aIIOMIHIEBUX CIUIaBiB B3AOBX JIiHIT
TEXHOJIOTIYHOTO TIPOIIECY «BAJIKOBA PO3JIMBKA — rapsdya MpoOKaTka — TepMidHa
00poOKay.

Metoau nociimkeHnsi. Jljis BUpIMIEHHS TOCTABJICHHX Yy pPOOOTI 3aBIaHb
BUKOPHCTAaHO METOAM (I3MYHOTO Ta MAaTeMaTUYHOTO MOJETIOBAHHSA, METOIU
MeTajaorpagiyHOro, €JIeKTPOHHO-MIKPOCKOIIYHOTO, Au(epeHIialbHO-TEPMIYHOTO
JIOCITIJIKEHb, CTAHAAPTHI METOIM MEXaHIYHUX BUIIPOOYBaHb METAIB, a TAKOK METOIH

KOMI'TOTEPHOT 00pOOKH pe3yJIbTaTiB JOCTIIKECHb.
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HaykoBa HoBu3Ha. HaykoBa HOBM3HA OTpUMaHHUX pE3yJbTaTiB MOJSTae B
HaCTyITHOMY:

1. Bnepie oiepkaHo aHATITHYHI 32J1€KHOCTI IJIsl PO3PaXyHKY IIBUAKOCTE
BAJIKOBOI PO3JIMBKU-TIPOKATKHU aJOMiHieBUX ciuiaBiB B95S, AMrS i AJI35, saki
3a0e3Me4y0Th OTPUMAHHS JUCTOBUX 3ar0TOBOK 32/1aHOI TOBUIUHM.

VY HaykoBif jiTepaTypi BiJICYTHI JaHl NpPO HASBHICTh TAKUX PIBHIHb A
BU3HAYEHHS JIIHIKHOT IBUKOCTI BAJIKOBOTO PO3JIMBAHHS BUCOKOMILHUX aJTIOMIHIEBUX
CIUIaBiB. 3a JOMOMOIOI0 IIMX PIBHSAHb OYJI0 BHU3HAYEHO 3HAYEHHS IIBUJIKOCTEU
BaJIKOBOT PO3JIMBKH IS YCIX JOCTIKYBaHUX aTIOMIHIEBUX CIUIABIB, SIK1 3a0€3MeUnIN
OTPUMaHHS 3 HHUX SKICHHX JINCTOBHX 3arOTOBOK TMPH PI3HUX 3HAYCHHSIX BUXITHUX
TEXHOJIOTIYHUX IapaMeTpax: TOBIIMHA 3aroTOBOK, KYT MEHICKY, pajlyCc BalJIKiB,
TeMIlepaTypa Meperpipy po3IuiaBy TOLIO.

2. Po3pobiieHo edexTUBHHIT MexaHi3M iHTeHcudikanii Tena1000MiHHHX
npoueciB y BaJIKOBOMY KpHcTadizaropi. Bin mossirae y 3miHi xapakrepy pyxy
NPUCTIHKOBOIO WIAPY OXOJOJKYBAaJbHOI BOAM 3 JIAMIHAPHOIO PEXUMY Ha
TYpOyJICHTHHH NLJIAXOM HAHECEHHSI HIOPCTKOCTI (BUCTYNIB) Ha BHYTPILIHIX
noBepxHsx BaJKiB. [Ipy nboMy B HbOMY TeILIOBiIBeIeHHSI TEILUIONMPOBIIHICTIO
3MIHIOETHCH HA TEIJIOBiIBEeACeHHSI KOHBEKIIIIO.

Ha BinmiHy BiJ CXeMH TEIUIOBIABEICHHS 3 TJIaJKHX MOBEPXOHb CTaHIAPTHUX
BaJIKIB-KpPUCTAII3aTOPIB  pO3pOOJICHUM  MEXaHi3M  TMIJBUIINEHHS 1HTEHCUBHOCTI
TEIJIOBIABECHHS Y BaJIKaX 3 MOPCTKICTIO HA MOBEPXHSIX TEIUIOOOMIHY TMOJIATAE Y 3MiH1
XapakTepy pyxy MPHUCTIHKOBOIO MiAmapy notoky. I1ix yac HabiraHHs MOTOKY BOJIM Ha
BHCTYI 32 HUM YTBOPIOETHCS BUXOP, KU PYHHYE CTPYKTYPY JIaMiHAPHOTO TiAIIapy,
TypOyi3yr04u HoTo. Y pe3ynbTaTi I[bOTO JaMIHAPHUHN MiAIap MOBHICTIO pYHHYEThCS
a00 3MEHIIYEThCSI 32 TOBIIMHOIO, IO CHPHUSE MIABUIICHHIO TerioBigaadi 10 45%.
[Topsin 3 iHTeHCU}IKAIEID TEIJIOBIABEICHHS, MIOPCTKICTh 3aBIAKU TypOyi3alii

IPUCTIHKOBOT'O MPOIIAPKY MOTOKY ICTOTHO 3HUKYE HMOBIPHICTh YTBOPEHHS HAKUITY Ha
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TEIUIOOOMIHHIM TIOBEpPXHI, a, BIJAMOBIAHO, 30UIbIIyE TEpioAud MNPOPUIAKTUIHOTO
00CITyrOoByBaHHS BaJIKiB-KpHCTaIi3aTOPIB.

3. Bmnepmie po3po0JieHO TEeXHOJOTiYHI peKMMH BAaJKOBOI PO3JIHBKH-
NMPOKATKH BHCOKOMIIIHMX AJTIOMiHIEBHX CIUIABIB 3 IIMPOKHUMH IHTepBaJaMHu
kpucraizaunii (=160°C) Ta oTpumMaHi 3 HUX JIMCTOBI 3aT0TOBKH.

Po3po6ieni MexaHi3Mm iHTeHcHbIKaIlll TEIIOOOMIHHUX IPOIIECIB Y BAJIKOBOMY
KPUCTAII3aTOP1 Ta METOJIMKA BUOOPY TEXHOJOTIYHHUX MapaMeTpiB BAJIKOBOI PO3THBKHU
BHCOKOMIIIHMX aJIFOMIHIEBUX CILJIaBIB JIO3BOJIMB BIIEPIIE Yy CBITOBIA MeTaTypriiHii
MPaKTHUIl OTPUMATH IIUM METOJOM JIUTI JJUCTOBI 3arOTOBKH 31 ciiaBy B9S5, sxuii mae
HIMPOKHI 1HTepBa Kpuctanizauii 162°C.

4. BcraHOBJIEHO B3a€EMO3B'SI30OK MK NmapaMeTpaMud  NEePBUHHOI
KPHUCTAJIIYHOI 0y10BH JIMCTOBHUX 3ar0TOBOK 3 aJIIOMiHi€BHX cILIaBiB Mapok AJI35,
AMrS i B95 ta ocob0auBocTssMH (POPMYBaHHSI CTPYKTYPH I BJIACTHBOCTEH
KiHIIEBOI0 JIMCTOBOr0 mnpokary 3 HuX. lIpeacraBiieHO IX 3aJIeXKHOCTI BiJ
TEXHOJIOTIYHMX PEKUMIB BaJKOBOIO PO3JMBAHHA, TlapA4Y0l MNPOKATKH Ta
TePMi4YHOI 00pPOOKH IUX CIIABIB.

BcranoBiieHi 3aKOHOMIPHOCTI 3MIHH CTPYKTYp Ta BIACTUBOCTEH JHCTOBHX
3aroTOBOK 3 I[UX QJIIOMIHIEBUX CIIJIaBIB HA KOXKHOMY €Talll TEXHOJOTIYHOTO MPOIECy
«BAJIKOBA PO3JMBKA — rapsiya rnpokaTka — repMmiuyHa o0poOka». [lokazaHo, 1m0 piBeHb
MEXaHIYHUX XapaKTepUCTUK Ha BCIX eTanax BU3HAYAETHCS PO3MIPOM MEPBUHHUX
KpuctaiiB o—Al Ta iHTepMeTaniHuX (a3, K1 CyTTEBO 3aJIekKATh BiJl PEKUMIB Tapsdoi
MPOKATKU Ta TEPMIUHOT 00poOKHU. [[71s yCiX CIUTaBiB BU3HAYEHO ONTHUMANIbHI PEKUMHU
rapsiuoi IpoKaTKU Ta TepMIYHOI 0OpOOKH, 10 3a0€3MeUy0Th MAKCUMAJIbHUN PIBEHb
MEXaHIYHUX BJIACTUBOCTEH oJiep:KyBaHOi JnucToBoi npoaykuii. Ilpu npomy mns ycix
CIUIaBIB 3a0e3IeuyeTbcsl TaKWi pIBEHb MEXAHIYHMX XapaKTEPUCTHK IITA0, SKUAN
MIepEBUIILY€ BIJMOBIIHI CTaHAAPTHI MEXI1 (Hanmpukiad, s cruiapy B95S mexxa MirtHOCTI

MIEPEBUIIY€ CTAHAAPTHUN PiBEHb HA 5%, a BITHOCHE MOJOBKEHHS — 3,3 pasiB).
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IIpakTnuHe 3HavYeHHsi. Po3poOieHi ¢i3uyHl Ta MaTeMaTH4YHI MOJACHTI €
YHIBEpCATbHUMH 1, 3MIHIOIOYH BUX1JIHI JIaH1 (T€OMETpUYHIi, TeMIIepaTypHi, IIBUIKICHI
TOII0), MOXYTh OyTH BUKOPHUCTaHI JJIs TPOBEICHHS HAYKOBHX JOCIIIKCHD 3 BUBUCHHS
IPOIIECIB BaJIKOBOI PO3JIMBKU-TIPOKATKHU JJISl 1HIIMX THITIB METAJIEBUX CILJIaBIB.

Po3pobneno edexTuBHMIA croci® MiABUINEHHS TEIJIOBOI POOOTH BaJKOBOTO
KpUCTali3aTopa MIJIIXOM HaHECEeHHsI IIOPCTKOCTI Ha BHYTPINIHIX MOBEPXHAX OaH1aX1B
BaJIKiB, B3/IOBXK SIKUX MEPEMIIIAETHCS MOTIK 0XOJI0KYBaIbHOI BOIH.

Ha ocHoBI pe3ynbTaTiB AOCIIPKEHb 3alPOIIOHOBAHO MOJIE1 BUSHAUYCHHS PIBHS
OCHOBHHMX TEXHOJIOTIYHUX TMapaMeTpiB (TeMIiepaTypa IMeperpiBy, 1HTEHCUBHICTb
TEIUIOBIIBEJICHHS, TOBIIMHA 3arOTOBKW, IIBUJKICTb PO3JMBKUA TOWIIO), IO
3a0e3MeuyloTh CTAOUIbHICTh MPOIECY BAJIKOBOI PO3JIUBKU-TIPOKATKUA OyIb-SIKUX
anoMiHieBUX cruiaBiB. Oniep)kKaHHSAM JIMCTOBMX 3aroTOBOK 13 JAHUX CIUIABIB Ha
7a00paTOpHIA YCTAHOBI 3 JABOBAJIKOBUM KPHUCTANI3aTOPOM JIOBEJIEHO KOPEKTHICTb
3aMpONOHOBAHOTO MPUHIIUITY BUSHAUYCHHS TEXHOJIOTTUHHUX TTApaMETPIB X PO3JIUBKH.

Bukopucranass po3poOJieHOI TEXHOJOTiI BaJIKOBOI  PO3JTUBKU-TIPOKATKU
QTFOM1HI€BHX CIUIABIB JO3BOJIUTH METATYPriiiHUM IMiIMPUEMCTBAM CYTTEBO IT1/IBUILIUTH
pecypco- Ta eHeproeeKTUBHICTh IIPOIIECY OJeP KaHHS JTUCTOBOI METAJIONPOTYKIIii.

TeopeTnuHi Ta eKCIEPUMEHTANbHI pe3yJibTaTH, SKI MPEICTAaBIECHO B
JTUcepTaIliitHiii poO0TI MOXKYTh OyTH BUKOPUCTaHI B HABYAJIHLHOMY IPOIIEC] CTY/ICHTIB
TEXHIYHUX BY31B Ha BIAMOBIIHUX Kadeapax Ta B JICKIIMHOMY KypCi acIipaHTIB.

Ocobuctuii BHecok 3100yBaya. B aucepraiiii MiCTATbCSI HAYKOBI pe3yJIbTaTH,
OTpUMaHi 0COOUCTO AUCepTaHTOM a0o 3a Horo ydactio. OcoOucTHil BHECOK 3100yBaya
noJIsirae y po3pooili METOAUK (h13UYHOTO Ta MATEMATUYHOTO MOJICJIFOBAHHS, CTBOPECHHI
eKCIIEPUMEHTAIbHUX YCTAHOBOK. Y OMYyOIIKOBAaHUX Pa3oM 13 CIIBABTOPAMHU HAYKOBUX
mpamgx 3700yBad MpUiMaB ydacTh Yy IOCTAHOBIN 3ajlad, MiArOTOBII METOJUK,
MIPOBENICHHI EKCIIEPUMEHTIB, 00poOI1Il Ta IHTEpIpETALlil OJEeP>KAHUX PE3YJIbTATIB.

Ocobuctuii Bkaj 3700yBaya y po0doTax, o onyOikoBaHi B CIIIBaBTOPCTBI (3a

HepesTikoM, 10 HaBeICHUH B CIUCKY IyOumikalii 3q00yBaua) nosrae: [1, 2, 4, 5] —
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pO3poOKa METOJMK JOCIIKEeHb, MPOBEJICHHS EKCIIEPUMEHTIB, aHali3 i o0poOKa
pe3ynbTaTiB; [3, 6] — po3poOka TEXHOJIOTIYHUX IapaMeTpiB BaJKOBOI PO3JIMBKH
JTOCTIDKYBaHUX aJIOMIHIEBUX CIUIaBIB Ha JIaOOpaTOpHIN YCTAHOBIl, y4YacTh Y
NPOBE/ICHH] iX eKCIIEPUMEHTAIILHOTO PO3IIUBAHHS; [/] — IPOBEICHHS EKCIIEPUMEHTIB,
o0poOKka Ta i1HTepIpeTalis OJepKaHUX pe3yJabTaTiB, (OPMYIIOBAaHHS BHCHOBKIB,
MIJITOTOBKA PYKOITUCY CTAaTTI.

Anpobanis pe3yabtatiB aucepranii. OCHOBHI MOJIOKEHHS Ta pPE3yJIbTaTH
pobotn OynM TIpeACTaBlieHI Ha MDKHApoAHUX KoH(epeHmisx: «Metamypris 2020»
(Bamopixxks, VYkpaina, 2020); «Mertanypris 2022» (KuiB, VYkpaina, 2022);
«Jlocaruenns texHiku Ta Hayku» (bepnin, Himeuunna, 2021); «CycniabCcTBO Ta HayKa.
[Ipo6nemu Ta mepcnexktuBu» (Jlonmon, Anrms, 2022); «IlepcneKTUBHI TEXHOJIOTI,
MaTtepianu i 00J1alHaHHS B TUBapHOMY BUpoOHHITBI» (Kpamaropcrk, Ykpaina, 2023).

Iyouaikanii. OCHOBHI MaTepiajid Ta pe3yJbTaTd AUCEpTalii BUKIaAeHO B 15
HAyKOBUX Mpalix, 7 3 SKUX OMyOJIKOBAaHO y HAYKOBUX (DaxXOBUX BUJIAHHAX YKpaiHH,
y TOMY YHCIl OAHE BUJAHHA BXOJUTh JI0 MIDKHApPOJIHOI HAayKOMETPUYHOI 0a3u
SCOPUS, Ta 8 my6umikarrii y maTepianax KoHGEpeHITiH.

Crtpykrypa Ta o0csr guceprauii. Jlucepralist CKIaga€eThCs 3 BCTYITY, YOTUPHOX
pO3AUTIB, 3arajJilbHUX BHCHOBKIB, CIHCKY BHKOPHCTAHHMX JDKEpeNl Ta JOAAaTKIB.
Martepianu poOoTH BukiazeHo Ha 174 cTopiHkax, MICTATh 18 Tabnuilb, S8 pUCyHOK Ta

2 nopatka. CriMcOK BUKOPUCTAHUX JpKepen MICTUTh 154 HallMeHyBaHb.



27
PO3/ILI 1
CYYACHUI CTAH BUPOBHUILITBA JIUCTOBOI'O IPOKATY
31 CIIJIABIB HA OCHOBI AJTFOMIHIIO

1.1. Po3BUTOK NPOMHUCJIOBUX TEXHOJIOTiii OTPUMAHHS JTUCTOBOIO MPOKATY i3
MeTaJIeBUX CILIABIB.

Po3BuTOK MeTamyprii 3a OCTaHHE CTOJITTS XapaKTEPU3YETHCS CYTTEBHUMHU
3MiHAMU y TPOMHMCIIOBIHA TEXHOJIOT1] OTPUMAHHS TOHKOTO JJUCTOBOTO METAJIONPOKATY.
CrovaTky (B KJIACHYHIA TEXHOJIOTII) JJI1 OTPUMaHHS TOHKOTO JIMCTa SK BUXITHUUN
MaTepian BUKOPUCTOBYBAIM 3JIUBKH, SIKI IEPEPOOIISIIM B TOTOBUM MTPOKAT 3a3BUYal y
nBi ctaxii [1-4]. Ha mepuriii craaii BiJIMBarOTh IUIOCKI 3JIMBKU Y BHUIMBHHUII. [loTim
3MIACHIOIOTh MIJATOTOBKY LMX 3JIUBKIB /10 MPOKATKH, fKa IMOJATaE y BHUAAJICHHI
nedeKTiB, 10 € Ha iX MOBEPXHI (TPIIIUH, HEMETaJEeBUX BKIIOYEHb, 3aXO0/I1B, MIIPi3iB,
MOJPSAIHUH Ta 1H.). [Ipu 1boMy He B TOBHOMY 00Cs131 Ae(heKTH BUTAISIOTHCS 3 XOJIOTHUX
3JIMBKIB, TOOTO, IHOJ1 HEOOXITHO MIJAATH X HArpiBAHHIO, IKUI OB'I3aHUI 3 BATPATOIO
najgnBa Ta BTPATOIO METATy 3 OKAIMHOW. [[J1st BumaneHus Aesikux 1eeKTiB 3 MOBEPXHI
3JIMBKIB BUKOPHCTOBYIOTH METOJ OOJUpaHHS, NPHU SKOMY pa3oM 3 JAe(PEeKTHUMU
MICIISIMHM BHJIAISETHCSA YaCTHHA 3I0pOBOTO MeTany. [Ipu 1iboMy BTpaTH MeTalny THM
O1J1bIIIl, YUM MEHIIIC Maca 3JIMBKa.

Ha npyriii craaii ounieHi 3MMBKY HAIXOAATh y HarpiBajibH1 Konos3i1 (puc. 1.1)
[1]. HarpiTuit 3nuBok 1 momaeTbest Ha OOTUCKHMI YHIBEpCAIbHUN CTaH 2, HA SIKOMY
nepeTBoproioTh Ha cnsadu 3. Ilicos 15..21 mpoxopiB cisgOu HAgXOIATh B MAIIUHY
BOIHEBOT'O OYMIICHHS MOBEPXHEBUX AE€(PEKTIB (Ha PUCYHKY HE IMOKa3aHi), MOTIM iX
TPAHCTIOPTYIOTh JI0 HOXUITH (711 0Opi3KM TOJIOBHOT Ta KIHIIEBOI Kpaiku). Jlam — Ha
MPOKATHI1 JIMCTOBI CTaHM, K1, SIK PABUJIO, CKJIAJAI0THCSA 3 IBOX Map poOOYUX KIiTe -
YOPHOBUH 4 1 5 YUCTOBUX, PO3TAIIOBAHUX OJWH 32 OAHUM. Ha BUXO/1i 3 YUCTOBOI KIIITI

JIUCT JOCATra€ HEOOXIOHOI TOBIIMHH, ITICIAS YOro HMOro MiamaloTh OXOJIOMKEHHIO,
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BUIMPABJICHHIO B MPAaBWJILHUX MallWHAX, OOpI3Il OIYHMX Kpalok 1 pi3lll Ha MipHI

JIOBXKWHH a00 3MOTYIOTh B PYJIOH.

ml SO,

Puc. 1.1 — Knacuuna cxema BUPOOHUIITBA JINCTOBOTO MPOKaTy: 1 — 31UBOK; 2 —

CTaHOK JIJIs Csi01HTY; 3 — ¢nsi0; 4 — poboUya YOpHOBA KJIiTh; 5 — poOoYa YUCTOBA KIIITh

OpHak Taka TEXHOJIOT1sI BUPOOHUIITBA JIMCTOBOTO MPOKATy Ma€ HU3KY 1CTOTHUX
HEJIONTIKIB: 3Ha4H1 BTpaTu Metany (mo 20% Bia BUXIAHOI Macu 3JIMBKIB), BEIUKA
CHEProEMHICTh BHACIIJIOK OaraTopa3oBUX IHMKIIIB HarpiBaHHS Ta OXOJOJKEHHS
3arOTOBOK MPY MPOKATIIi, BITHOCHO HU3bKa MPOJIYKTHUBHICTH TomIO [4-8].

3 cepemuHr XX CTOJNITTS TMOYAJOCSd TOCTYNOBE BIPOBAKEHHS OLIBIIT
e(eKTUBHOI TEXHOJIOTHi BHUPOOHMIITBA JIMCTOBOTO TMIPOKATy, B SKIH BUXITHUMHU
3aroTOBKaMU € CIIsIOU, sIKI OTPUMYIOTh CIIOCOOOM O€3MEepEepBHOIO JIUTTS METaNiB Ha
MBJI3 (puc. 1.2) [9-13]. Cnabu, oxepkyBaHI TaKMM YHHOM, IICIS OIVISAY Ta
BUJIAJICHHS Je(DEKTIB 3 TOBEPXHI, K 1 32 MEPIIOro Croco0y, HANXOAATh Ha CTAHU JJIS
MPOKATKU TOTOBOI MPOAYKIIii. 3aBASKHA IPSIMOMY OTPUMAHHIO CJs101B 3 P1JIKOTO METaIy
0e3MmepepBHOI0 PO3IIMBKOIO, CTaIlsl «CISAOIHT 3JIUTKIB» MPH IIbOMY B3araii BiACYTHS,
BIJIOBIJTHO, 3HWXKYIOTbCS €HEPreTUYHI BUTPATU Ta MIABUUIYETHCA MPOIYKTHUBHICTDH
nporiecy. Takuii cmoci0 BUPOOHHUIITBA JMCTOBOTO METAJOMPOKATY YMOBHO MO>KHA
MPEACTaBUTH Y BUIJISAI HACTYIHOI TEXHOJOTIYHOI CXEMH: «BUIUIABKA METalTy B
IUIaBMJIBHOMY arperaTti — OesnepepBHa posnuBka cisioiB Ha MBJI3 — rapsiua abo

X0JIOJTHA ITPOKATKa CJIs01B JI0 JIMCTIB 3aaH0T TOBIITUHI.
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Puc. 1.2 — Cxema oTpumanHs cii100BO1 3aroTOBKHU IpH Oe3MepepBHIi PO3IUBIIL
metaniB Ha MBJI3: 1 — kiBuI 7151 pO3JIMBKU METaly; 2 — METall, 10 PO3JIUBAETHCS; 3 —
NPOMDKHHMIA KIBII, 4 — KpPUCTaII3aToOp; 5 — piAKa JIyHKa METally y 3aroToBIi; 6 —

Oe3mepepBHOJIMTA 3aTOTOBKA-CIISI0

[Ipy BUKOpUCTaHHI TaKOi CXE€MHM BHPOOHMIITBA JIMCTOBOI METaJOMPOAYKIIIT
M1JBUIIYETHCS] KOE(IIIEHT BUXOTY MpuaaTHOro Metany (monaa 90%), 1mo npu3BoauTh
JI0 CYTTEBOTO 3pPOCTaHHSI MPOAYKTUBHOCTI mporiecy [12, 13]. OmHak npu oMy
30epiraeTbCsi OAWH 13 TOJIOBHMX HEMIOJIKIB KJIACHYHOI TEXHOJIOT1T — BeEJHMKa
€HEPrOEMHICTB MPOLIECY 3a paXyHOK OaraTopa3oBUX LIUKJIIB HArPiBAHHI -OXOJIOXKCHHS
3arOTOBOK TMpH iX TMpoKaTyBaHHI. ToMy TOHaidbIIUi PO3BUTOK TMPOMHUCIOBUX
TEXHOJIOT1M BUPOOHUIITBA JHMCTOBOTO MPOKAaTy OyJ0 3aCHOBAaHO Ha MOILIYKY TaKUX
TEXHIYHUX PpIlIeHb, SKI JIO3BOJWIM O BUKOPUCTOBYBATH aKyMyJIbOBaHy B
Oe3MepepBHONUTINA 3aroTOBIIl TEIUIOBY €HEPril0 MpH ii MOJANBINOi MEXaHIYHOI Ta
TepMiuHOi 00poOKw [14-20].

TexHiuHMA Mporpec y raixysi IpOKaTKA METaIIB Ha JUCTOBY MPOAYKIIIIO HA MPU
kiHmi XX cromitrsa (80-T1, 90-Ti pOKHM) XapaKTEpPU3YEThCS CTBOPECHHSIM TaK 3BaHUX

MIHI3aBOJIIB 3 BUKOPUCTAHHSIM TOEJIHAHUX TMPOIECIB OE3MEePEepBHOTO JUTTS Ta
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IPOKATKH METaNIB B €JMHOMY HEPO3PHUBHOMY TEXHOJIOITYHOMY JIaHLIOKKY. HaliO11b11
MIOMITHI TIPOMUCIIOBI PE3yNbTaTH JOCSITHYTO MPHU PO3JIMBII METANiB Ha CEpeaHiN Ta
TOHKHUH CJs10, KWW MOTIM MiJAJA€ThCs MPOKaTii Ha ToHkuiM juct (puc. 1.3). Taka

5 " ~ n :
TEXHOJIOTIYHA CXeMa OTpHMasia Ha3By 'NIHBapHO-NpokaTHUM wmonyis" (JIIIM) 1
PO3BUBAETHCSI B OCHOBHOMY TpbOMa IPOBIIHMMHU CBITOBUMH KoMmmaHisiMu Demag,
Primetals Ta Danieli [16, 17, 19].

MBJ13 CSP
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Puc. 1.3 — CyuacHi cxeMu JTMBapHO-TIPOKATHUX TEXHOJIOT1I

Y nuBapHo-npokatHux Moayisx (JIIIM) mepmoro mokominus tumy [CSP
(Compact Strip Production — kommakTHe BHPOOHHIITBO CMYTH)| TEXHOJOTIUHUMN
MPOIIEC CKIIAJIAETHCS 3 HACTYITHUX OCHOBHUX eTamiB (puc. 1.3, a):

— pO3JIMBKAa METaly Ha BEPTUKAJIbHIA TOHKOCIs100B1i MBJI3;

— HarpiBaHHSl Ta BUPIBHIOBaHHS TEMIIEpaTypu TOHKOro cisgOy y cCreuiajbHii

(TyHenBHIN) TIeui;
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— TpPOKaTKa TOHKOTo cjsi0a Ha 6- abo 7-KIITbOBOMY O€3MepepBHOMY CTaHi 3
OJIEp>KaHHSM TapsSYeKaTaHOrO JHCTOBOTO METAJIONPOKATY;

— texHosioriuga gosxxuua JIIIM — 350 m.

Haii6inpm cydacHuM ananorom takoi mooyzosu € JIIIM ESP ¢ipmu Primetals
[ESP (Endless Strip Production — BHpOoOHUIITBO HECKiHUEHHOI CMYTH)], SKi MarOTh
JIOCUTh BEJMKY KUIBKICTh HOBUX TEXHIYHUX PIllI€Hb, IO JJ03BOJIAE BBa)XaTH IX
arperaTamMu HOBOTO MOKOJiHHSA (puc. 1.3, 0).

bazosi npunuunu ESP monyns (Ha BigMiny Bim CSP Moaysisi) BKIIIOYArOTh TaKi
JIOATKOBI PIIICHHS:

— 3aCTOCYBaHHS I1HAYKIIMHOrO HarpiBaya sl MiJABUIICHHS TEMIIEpaTypu Ta
CTBOPEHHSI HEOOXITHOTO PO3MOALTY TEeMIIepaTyp HpH BUPOOHUIITBI CMYT PI3HOTO
MapOYHOT'O COPTAMEHTY;

— CHCTEMa, 1110 3a0e3Mneuye THYYKU MPOIeC MPOKATKUA B YUCTOBUX KITITAX;

— TeXHOJOoT14Ha J0BxkKHA Takoro JIIIM — 190 m.

TexHiuHl Ta (QYHKIIOHAJIBHI XapaKTEPUCTUKH CYYAaCHUX JMBAPHO-IPOKATHHUX
MOnyINiB Oe3nepepBHO 3pocTaroTh. Hampukmnan, 3aBoau 3 MOIYJISMU TEPIIOTO
MOKOJTIHHS 3a0e3mneuyBaiu piuHuii o0csar BupoOHuITBa e Ha piBHi 0,8-0,9 MiH. T.
rapsiueKaTaHoro Jucrta B pysioHax. Tum yacoM Ha ogHoMy 3 ocTaHHiX JIIIM,
CKOHCTpyHoBaHoro kommaniero Danieli mis xommanii Posco (IliBnenna Kopes),
JOCSITHYTO MPOAYKTUBHOCTI 2 MJTH T/pIK JIMCTAa HA OAMH piBYak [16, 19].

HalinepcneKTUBHIIIMM PIIIEHHSM I[0JI0 BIOCKOHAJIICHHS JUBApHO-TIPOKATHUX
TEXHOJIOT1M OCTAHHIX JECATUIIThH € TEXHOJIOTIS PSIMOTO OJIepKaHHS TOHKOTO JIUCTA 3
pinkoro Metany (puc. 1.4). BupoOuuntBo oTpumana Ha3By Castrip Ta Brepiie Oyla
peamizoBana Ha 3aBoai Nucor Steel, m. Kpoydopacsin, CIIIA. Ha arperari po3nuBka
MeTally 3IIMCHIOETHCS MK JBOMa BaJIkaMH, sIKi 00EpTaloThbCs B TMPOTHUIICHKHUX
HaIpsMKax 1 CIy»XaTh JUisl POPMYBaHHS OKPEMHX TBEPAUX KIPOK MailOyTHBOTO JIHCTA.
VY Toull MakCUMaJbHOTO 30JIMKEHHS BaJIKiB BiIOYyBA€ThCA CTUKYBAaHHS YTBOPEHUX

KIpOK 1 00'eIHaHHS 1X y Oe3nepepBHy cMmyry. 10 cMyry noTiM miiaiTh NPOKATII Ha
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CTaHax rapsA4yoi MPOKaTKU HAa TOHKUM JIUCT, MICJISl YOTO 0XOJIOKYIOTh, PIXKYTh Ha MipHI

JIOBXXUHH 1 3MOTYIOTh B pyJioHU [18-26].

MNPOMEXYTOMHAA CMKOCTL
[lepenava Metanna Ha pas3nuexy

PainuBoOYHbIe conna
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Puc. 1.4 — Cxema oTpuMaHHsI TOHKOTO JIUCTA 13 3aCTOCYBAHHSM JBOBaJKOBUX

MBJI3

TexHiuHi Ta (yHKI[IOHAJIbHI MOKA3HUKHM L€l TEXHOJOrIi 1CTOTHO BHILI 3a
TpaaMIliiiHi MeTonu Oe3nepepBHOi po3iauBKH MetaniB (tabdn. 1.1). Taka cxema
OTPUMAaHHSI TOHKOTO JIUCTa MAa€ BEIMUE3HUM MTOTEHITIAM 00 €KOHOMIT EHEPTeTUIHUX
pecypciB (8—10 pa3ziB), 3HmKeHHS BTpaT 3 okanuHOIO (40-50 pasiB), miaBUIIECHHS
NPOIYKTUBHOCTI poboTH nepcoHany (5—10 pasiB), 3HMKEHHSI BUKUIIB MapHUKOBOTO
razy (10-20 pa3) npu cyTTeBoMy NajiHHI BUTpAT Ha KamiTajabHe OyaiBHUITBO. [Ipu
[IbOMY TOBIIIMHA JIUTOT 3arOTOBKM, HANPHUKJIAMI, JUIsI CTajl MPU BUKOPUCTAHHI I[HOTO
nporecy npubam3Ho B 25-30 paziB MeHmie, HbK nOpu posznmBil Ha JIIIM 3
BukopuctanHaM koHuemniii CSP 1 ESP, a mBuakicTh po3MuBKY MiABUITY€ETHCS B 12-15
pasiB, IO BIAMOBIAE MIBUIKOCTI OXOJOKEHHS 3aroToBku mopsaky 1700°C/c. s
MOPIBHSIHHS B1I3HAYUMO, 10 CEPEIHS MIBUAKICTh OXOJIOKEHHS TOHKOTO cisaoy JITIM

cranoBuTth 50-60 °C/c, a ToBcToro cisioy — 10-12 °C/c [18-26].
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Taomug 1.1
TexHi4HI TOKa3HUKH PI3HUX METOMIIB PO3JIMBKH MeTaliB [18-26]
J/IBoBaJIKOBa TonkocasooBa Tpaauuiiina
MoKka3HMK PO3JIUBKA PO3JIUBKA Oe3nepepBHa
PO3JIMBKA

ToBmuHa IUTOT 1,6 50 220
3arOTOBKH, MM
IBUKICTH PO3IMBKH, 80 6 2
M/XB.
PiBeHb TemIoB1ABEAEHHS 14 2,5 1,0
B1Jl PIAKOTO METay,
MBT1/M?
Yac kpucranizariii, c. 0,15 45 1070
CepenHst MBUAKICTh 1700 50 12
oxoxaokenHs, ° C/c.

1.2. Oco0MBOCTI BAJIKOBOI PO3JIMBKH-TIPOKATKH JIMCTOBHX 3ar0TOBOK 3
MeTaJleBHMX CILIABIB.

3aragpHUM MPOIIECOM JIJISl BCIX MOKITUBUX CXEM JIUTTS HA PYXOMUH (BaJIKOBUH)
KPHUCTAJII3aTOP € HAMOPOKYBAHHS KIPOK 3 IEPETPITOTO PO3ILIABY METAILY Ha MOBEPXHSIX
BOJI0OXOJIO/IPKYBAHUX BaJIKIB-KPUCTAJI3aTOPIB, 110 Oe3mepepBHO 00epTaroThes (pHC.
1.5) [20]. ®opmyBaHHS 3arOTOBOK MPHU BAJIKOBINA PO3JUBII MOXE 3A1MCHIOBATUCS 3a
TaKUMHU CXEMaMHU: HaMOpOXXYBaHHSM Ha OJHOMY Balky (puc.l.5, a, 0);
HAMOPOXXYBaHHSIM Ha JBOX BaJIKaxX, M0 OOEPTAIOThCA B MPOTHIICKHI CTOPOHHU, 3i
3BapIOBAHHSAM KIpOK 0e3 MpokaTku (1HaKille — JUTTS Y BaJKOBUW KpPUCTAII3aToOp 3a
CXeMOK pinkoi mpokatku) (puc. 1.5, B); HaAMOpPOKyBaHHSM Ha JBOX BaJKax 3
MPOKATKOIO 3aTBEPAUTUX KIPOK (JIUTTA y BAJIKOBUN KPHUCTATI3aTOp 3a CXEMOIO
0e337MBKOBOI MpokaTku mTadu) (puc. 1.5, r-e). [lpu mpomy 11 cXeMH MOXYTb

BIJIPI3HATHCS 3a BaplaHTaMU TMOJadi pO3IJIaBy METaly /0 BaJKiB-KPUCTATi3aTOPiB
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(momaua 3Bepxy — puc. 1.5, B1ir; 300Ky — puc. 1.5, a; 3uu3y — puc. 1.5, e; piauie noxuia

nojayva po3IiaBy).

SRR

Puc. 1.5 — Cxemu auTTs MeTaliB Ha BaJIKOBUI KpucTam3arop [20]:
1 — pinkuii Mmetan; 2 — BaJIOK-KpUCTaIi3aTop; 3 — 3aroToBKa (mraba);

4 — oxoJIoMKyro4a Bojia

Cxema NMHTTA 3 TOJIAYCI0 PO3IIIABY 3HU3Y Ma€ JesKi TepeBart mepes] CXeMoro 3
BEPTUKAJIbHUM PO3TAIllyBaHHSM BaJIKIiB 1 MOAAauer0 po3IiaBy 300Ky: CHMETPHUYHI
yMOBU (OpPMYBaHHS 3aroTOBKM, MEHINIA METAJOEMHICTh JIITHIKOBOI CHCTEMH,
pPIBHOMIpHA MO IIMPUHI BaJIKIB Temmeparypa. OmHak uisi OTpuMaHHs mTabu Oe3

ra3oBUx OynbpOAIIOK 1 PUXJIOCTI MOTPIOHO OLIBIN BHCOKA Mipa Jerasailii po3IiiaBy,
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TOMY Ha MPAaKTHIl HAMOUIBII HIMPOKO 3aCTOCOBYETHCS Mojaya 3Bepxy abo moxuia
nojayva.

VY meTanypriiHiil mpakTHIill 3aCTOCOBYIOTHCS, B OCHOBHOMY, JIBl CXEMHU BaJIKOBOT
po3nuBku MeTamtiB [20, 28]: 6e3 nedopmariii Ta 3 gedopMaIri€ro oAepKyBaHOT TUCTOBOT
3aroTOBKW a0o0, BIAMOBIAHO, pifgka mpokaTka (puc. 1.5, B) Ta 6e331MBKOBA MPOKATKa
(puc. 1.5, r-e).

JIUTTA y BaJKOBUM KpUCTaTI3aTOp 3a CXeMOIO piakoi mpokatku (puc.l.5S, B)
noJiirae B TOMY, IIO 3aroTOBKa y BUIIIANI Tabu (QopMyeTbcsi B pe3yJibTari
3BApIOBAHHSI 1] THCKOM JIBOX KIpOK, III0 HAMEP3JIH y BaHHI 3 pO3ILJIaBOM Ha MTOBEPXHSX
JIBOX BaJIKIB, IO 00EPTAIOTHCS B MPOTHIIEAKHI CTOPOHH. Y 3aroTOBII, 10 BUXOAUTH 3
BaJIKIB, MOK€ MICTUTHCS JI€sIKa KUIbKICTh PiAKO1 (ha3u, TaKk SK 3pOCTAIOThCS (DPOHTH
KpUCTai3alii 3 HEPIBHOMIPHUM MpOQiIeM 1 piiMHA B 30HI OOTHUCHEHHS KIPOK HE
MOBHICTIO BHJIABIIOETHCS 3 TBEPIAOPIAKOT YAaCTHHH. Y I[bOMY BHWIIQJKy TOBIIMHA
3arotoBkH (N) po3paxoByeThes 3a Takow Gopmyitoro [20]:

h=C+ &, (1.1)
ne &, — HaBeleHa TOBUIMHA TBepaoi (pa3su HaMep3iMX Ha JBOX BaJIKaX KIPOK; Cye —
HaBeeHA TOBIIMHA P1KOI YACTUHU 3arOTOBKH.

OcraTouHe TBEpJHEHHS 3aroTOBKH BIIOYBA€TbCS MICHS 1i BUXOAY 3 BaJKIB
BHACIIIJIOK MEPEpO3NOAUTY TEMIIEpATypy y CTPIUIll Ta TETIOOOMIHY 3 HABKOJMIIHIM
cepenoBuieM. [I0BHICTIO 3aTBep/iia 3ar0TOBKA HE AEPOPMYETHCS MPU LOMY, TOMY
MIBUJKICTh PYXy KIPOK Y BaHHI Ta MIBUJAKICTh BUXOAY IITaOW JOPIBHIOIOTH JIHIAHIN
IIBUJIKOCTI 0OepTaHHS BaJIKIB.

[Ipu nuTTI MeTanmy y BalKOBHM KpHUCTAII3aTOp 3a CXEMOK O0€331MBKOBOI
npokatku (puc. 1.6) crpiuka popmyeTbes B pe3ysabTaTi IPOKATKU KIPOK, 1110 HAMEP3IH
y BaHHI 3 PO3IUIaBOM Ha MOBEPXHSAX JBOX BaJIKiB, IO O0EPTAIOTHCS B MPOTHIICKHI
ctopoHu. ToBmMHA MITa0U, 10 BUXOAUTH 13 BajkiB (X) MeHIIEe cyMapHOi TOBIIMHU

HaMep3JUX Ha BaJIKaX KipOK 1 BA3BHAYAETHCS HACTYMTHUM YuHOM [20]:

h=2&(1-¢), (1.2)
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ne & cepeiHs TOBUIMHA KIPKM METally Ha BaJKy B TOYIIl 3pOCTaHHS 3yCTPIYHUX

(GbpOHTIB KpUCTAai3allii; € — CTYMiHb OOTUCKY HAMEP3JIUX KipOK.

oy

BIESSS N

Puc. 1.6 — Cxema 30HM JIUTTA Ta TPOKATKU TP ABOBAJIKOBIN PO3JIMBII METAJIIB

VY 30H1 npokaTku BiOyBaeTbesa nedopmariiis (00THCK) HAMEP3IMX Ha BaJkax
KIpOK, I1HTEHCHMBHE OXOJODKEHHS CTPIYKM IMPU KOHTAKTHOMY TEIJIOOOMiHI 3
KpPHUCTAII3aTOPOM Ta 3MiHA KyTa HaXWiy (a1) Ta po3MipiB IEPBUHHUX KPUCTATIB (pHC.
1.6, 30Ha l3). [IpoTspKHICTH 30HU AedopMallii BUOMPAIOTh 3 TAKUM PO3PaXyHKOM, 11100
3a0€3Me4YnTH OTPUMAHHA CTPIYKH 0€3 TPILUIMH Ta PO3PUBIB 31 CTPYKTYPOIO, OJIM3bKOIO
JI0 CTPYKTYypH Tapsuekaranoro jucta. Ctymiab nedopmaritii (00TUCKY) Kipku (€) TipH
IIbOMY BU3HAYAETHCS 3 BUPA3Y:

¢ = H/h, (1.3)
ne H — cymapHa TOBIIMHA KipOK TIPU BXOJi B 30HY OOTHUCKY; h — TOBIIMHA TUCTOBOT
3arOTOBKHU Ha BUXO/I1 3 BAJKIB.

B ymoBax moemHaHHS JHUTTS 3 MPOKATKOKO IIBUIKICTH PYXy KIpOK Yy 30HI
nedopmailii MEHIlle MIBUAKOCTI pyXy BaJKiB, @ IIBUJKICTh BUXOAY IITa0M 3 BAJIKIB,

HaBMakKH, — OUIbIIE, TOOTO € BUIIEpeKEHHS nmopsAaky Bia S 1o 30% [20].
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JInst BCIX MOXJIMBUX CXEM PO3JMBKHU-TIPOKATKH METaiB YMOBH TEIUIOOOMIHY
MK PO3IJIABOM 1 BAJIKOM-KPUCTANI3aTOPOM BIAIrparOTh BUPIIIAIBHY pPOJb Y
3a0€3IeueHH1 CTINKOCTI MPOIlecy B I1JI0MYy. BOHM € TOJIOBHUM (PaKTOpPOM, 1110 BU3HAYAE
TOBIIMHY 3arOTOBOK, XapaKTep IXHbOI KPUCTaNiuyHOi OyIOBH, SIKICTh MOBEPXHI Ta
HasBHICTH JedekTiB [24, 27-36].

He3anexxno Big TUIy MeTajeBUX CIUIABIB € 3arajibHi BUMOTH JI0 TETUIOBUX
XapaKTEPUCTHK 11X BAJIKOBOI pO3NMBKU. Hampwknaa, m0Opu JHATTI 3a CXEMOIO
0€33JIMBKOBOI MPOKATKU 3aJIMBKy PO3IUIABYy BCIX THMIB METAJIEBUX CILJIABIB
3I1ACHIOIOTH 3 MIHIMQJIbHO MOXJIMBOI TEMIEPATypOI0 NEPerpiBy (At,ep.). Ilpu npomy
TEMITepaTypy PO3IUIaBY B Ie€Ui BUOMPAIOTH 3 ypaxXyBaHHSAM TEIUIOBUX BTPAT HA IIIAXY
PYyXy 110 BaJIKa-KpHcTaizaTopa. TeMiepaTypy MOBEPXHi BAJIKIB y KBa3iCTaIl[lOHAPHOMY
PEXKUMI JTUTTS HE3aJICKHO B1J] TUITY METAJIEBOTO CIUIaBY MIATPUMYIOTh y Mexax Bij 60
no 120°C [30, 33, 35].

[Ipu BankoBif PO3NUBII-MPOKATIII METAJIB TEMIIEpaTypa OXOJIOMKYBaJIbHOT
BOJIH, sIKA TIOJAETHCS Y BAJKU-KPUCTAII3aTOPH, TIOBUHHA MATH 3HAYEHHS Ha PIBHI BIJ
10 no 20°C. TemrmepaTypa mrTadu Ha BUXOJ1 3 BaJKiB-KPUCTATI3aTOPIB JJISI YUCTUX
MeTaJliB 3a3BMYail CTAaHOBUTH OJM3bKO 2/3 TemmepaTypu Kpuctamzaiii. (i), a 1
METaJIeBHX CIUIAaBiB MPAKTUYHO BIAOBIIa€e TemrepaTypi comiayca (1...) [30, 33, 35].

Ha Biaminy Bij TpaauiifHUX CrIOCOOIB PO3JIMBKH, BAJIKOBA PO3JIMBKA-TIPOKATKA
METaJiB XapaKTePU3YEThCS NCIKUMU 0COOIMBOCTAMH (POPMYBAHHS JTUTHUX 3arOTOBOK.
[Tpuckopena kpuctamizailis po3IjiaBy 3a0e3nedye piBHOMIPHHUN PO3MOILT JIETYIOUUX
CJIEMEHTIB (IOMIIIOK) y TBEPAOMY pO34MHI Ta (GopMyBaHHS JApiOHOKPUCTATIYHOI
CTPYKTYpH (pO3MIip JEHIPUTIB 3MEHUIYETHCS 0 S5 pa3iB), a TAKOXX MEHII BUPAXKEHY
3a0pyJHEHICTh METaJTy HEMETaJeBUMH BKIIOUEHHSIMH, BUCOKY YHCTOTY IMOBEPXHI Ta
NIJBUILIEHUN PIBEHb MEXaHIYHUX XapaKTEepUCTHK [32, 34, 36].

MakpocTpyKTypH mTad, 0Jiep>KyBaHUX BaJIKOBHUM JIMTTSIM, 3HAYHO TOHIIIE, HIXK Y
3aroTOBOK, OJIEPKYBAaHUX KPHUCTANTI3aTOPOM KOB3aHHS, 1 Majo BIAPI3HAIOTHCS Bij

CTPYKTYp 30BHIILIHIX IIapiB 3aroTOBOK, OJACPKYBAHUX JIUTTSIM B €JICKTPOMArHITHUM
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KpucTtaiizarop. Po3mip 1eHApUTHOTO OCEPEAKY B 3aJI€KHOCTI BiJl TapaMeTpiB MPOIECy
Ta TOBIIMHHU 3aroToBOK (mTal) cTaHoBUTH BiJ 5 10 30 MxMm. [Ipu npomy MexaHiuHi
XapaKTEPUCTUKHU 3arOTOBOK 3HAXOSTHCS HA TOMY % PIBHI, 10 1 BIACTUBOCTI 3JIUTKIB 3
TUX )K€ MaTepialliB, BINIMTUX TPATUIIIMHUMH CTIOCOO0aMH, a TIPU JIUTTI 3 OOTUCKAHHIM
HaOIKAIOTRCS 10 TapsuekaTanux cmyr [21, 29, 32, 33, 37].

SAKICTB MOBEPXHI CTPIUOK 3aJICKUTh B1J] TEXHOJIOTIYHOT cXxeMu oTpuMaHHs. [Ipu
JUTTI METOAOM 0€33TUBKOBOI IPOKATKHU (pHC. 1.5, T-€) MOPCTKICTh MOBEPXHI CTPIYOK
BI/IMOBIZIA€ IMIOPCTKOCTI TMOBEpXHI BayKiB. CTpIUKH, BIIJIUTI 32 CXEMOI PIIKOI
npokatku (puc. 1.5, B), MawTh OUIBII MIOPCTKY TMOBEPXHIO, HIXK BaJIKH.
CHiBBITHOIIICHHS TTapaMeTpPiB MOPCTKOCTI mTad Ta nutipoBanux Baikis (R, /R, ) npu
JUTTI METaJIeBUX CIIABIB 3a Ii€to cxemoro (puc. 1.5, B) cknamae Big 2 1o 4 [28, 31, 33,
34].

OcHoBHUMHU jaedekTamMu IMTad, OTPUMAHUX METOJOM BaJIKOBOI PO3JIMBKH-
MIPOKATKUA METaJiB, €: PI3HOTOBIIMHHICTD 10 MIMPUHI Ta JOBXKHUHI CTPIYOK, TPIIIUHU,
CTPYKTYpHa HEOJHOPIAHICTh Ta MOPUCTICTh. OCHOBHOIO MPUYMUHOIO iX BUHUKHEHHS €
HEOTHOPITHICT, YMOB (DOpMyBaHHS 3aroTOBOK IO JOBKHHI BajKiB, II0 BHUHHUKAE
BHACIIIJIOK TIOPYIIICHHS] YMOB T10J1a4l PO3IUIABY /10 BAJIKIB Ta PEXKUMY iX OXOJIOXKECHHS,
HEPIBHOMIPHICTh HAHECEHHS MAacTHJIa Ha BAJKW Ta HaJIUMaHHS (BHACIIIOK LOTO)
MeTally Ha TTOBEPXHIO BaJIKiB Ta iHe. [21, 28, 29, 32, 37, 38].

OcCHOBHI  OCOONMBOCTI  MpOLIECY BAJIKOBOI PO3JMMBKM OyiM  BIepuie
chopmynboBani 1me 1865 poky aHTIMCHKUM 1HXEHEPOM-BHHaXimHUKOM ['eHpi
beccemepom [39]. Ane yepe3 TeXHIYHY CKJIQJHICTh OpraHizaiii mporecy BalKOBOi
PO3JIMBKU MOTO MPOMUCIIOBA peai3allis BiJicTala BiJl 1/1€1 Maike Ha CTO POKIB 1 Ha
npakTHili Oyia 3aiicHeHa y 50-x pokax MUHYJIOro cTopiuysi. TexHosoris Buepiie Oyna
BUNPOOYBaHA Ha YUCTOMY alllOMiHIi amepukaHcbkoro (ipmoro Hunter Engineering
(uuna1 FATA Hunter), a Takoxx y CPCP nig yac BuUpoOHMIITBA TOKPIBEIBHUX JIUCTIB 13
yaByHYy [39-44]. Ha nanuit MOMEHT Cy4acH1 TPOMHCIIOBI JINBAPHO-TIPOKATHI YCTAHOBKHU

tuny SuperCasterPlus® ¢ipmu FATA Hunter abo Jumbo 3CM® ¢ipmu Novelis (10
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00’eqnanns B 2005 poii — Pechiney) 3a6e3nedytoTh OTpUMaHHS JIUCTIB ITUPUHOIO Bij
2300 mo 2350 MM mipu MiHIMaNBHIN TOBIIUHI 2,5 MM. [41-45]. TIpu 11boMy OCHOBHUM
MarepiajioM, IO OOpPOOISETHCS, 3AIUIIAETHCS TEXHIYHO YUCTUN aTIOMIHIN, SKUI
BUKOPHCTOBYETHCA B O1IBIIOCTI BUMA/IKIB JIJIs1 BUPOOHHIITBA XapyoBOi (DOJIBTH.

[Ty6mikarii mpo ycminmHi pe3yabTatu Oe3MepepBHOI PO3TUBKH CTall y TOHKI
CMyTHM Ha BaJKOBHX YCTaHOBKax 3'sBuiucsa micias 1980 poky. Ha mocmigHux
YCTAaHOBKAX BiANPAIbOBYBAJIACS TEXHOJOTIS BWJIMBKH TOHKHX CMYT 31 CTajl pi3HUX
MapoK, FOJIOBHMM YMHOM HEpPKaBiIOYMX Ta eleKTpoTrexHiyHuX. Hampukinmi 1980-x
POKiB OyJIO MPOBEICHO Oe3u JTOCIIIHKEHb 3 BIAMPAIFOBAaHHS TEXHOJOT1I BaJIKOBOI
PO3JIMBKH CTAJIEBUX CMYI Ta CTpidyOK 3aBTOBWIKU BiAg 1 mo 10 mMm. ExcniepumenTu
3MIACHIOBANUCS Ha 18 JOCBIAYEHMX Ta MIJOTHUX YCTAaHOBKAX 13 JBOBAJIKOBUMU
KpHCTali3aTopaMu, y TOMy 4ucii: y 3axianii €Bpori — 7, Anonii — 10, CIIA — 1 [46-
48].

BupoOGHUIITBO CTaieBUX JMCTIB METOJOM BAJIKOBOI PO3JIMBKMA B JIaHUW Yac
IIPOMHUCIIOBO 3/1MCHIOEThCS HA N'ATH TexHosoriynux JiHisx y CIIA, Himeuuuni ta
[TiBnenniit Kopei. llle onun arperat Oynyetbcsi ¢ipmoto Bao Steel y KHP [47].
Komranii, 110 3aiimMaroTbest mpoOJIeMOI0 OTPUMAHHS CTAJIEBUX CMYT Ha JIBOBAJIKOBUX
MalIuHaX, MOYajyd BUPOOJISATH CIUIbHI ITporpamu. Y €Bpomni pe3yiabTaTh JOCHIIKEHb
dipm Thyssen Krupp Stahl AG (Himewunna) ta Usinor (®paniiis) mono npoekty
Myosotis Oynu 00'e1HaH1 B 01MH €Bporielicbkuil mpoekT Eurostrip [47, 48]. MeTta 1iporo
MPOEKTY MoJjsirajia y crnopykeHHl Ha 3aBoai y M. Kpedensn (Himeuunna) dipmu
Krupp Thyssen Nirosta GmbH (KTN) nepimioi B €Bpori mpoMUCTOBOT YCTaHOBKH ISt
IPSIMOTO JIUTTS CTAJIEBOI CMYTH.

¥ 2000 porri 6ymno mignucano yrogy mix kommnaniero Nucor (CIIA), dhipmamu
BHP (Asctpanis) ta IHI (SInonist) mpo ctBopenHs crninbHOro npoekry Castrip LLC 3
MeToro BrpoBakeHHs: po3pobok BHP Ta [HI y CIIIA Ha 3aBoai ¢pipmu Nucor y micTi
Kpoydopacsin. Beaenns B mpoMuciioBy eKcrutryaTaiiito ycranoBku Castrip 3A1iCHEHO

y TpaBHi 2002 p. [Ipu mBuakocTi po3nuBky Big 55 10 80 M/XB TOBIIMHA JIUTOI IITAOU
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3 HU3bKOBYIJICIIEBOI CTajll Ha BUXOJ1 3 BaJIKiB cTaHoBWia Bix 1,6 mo 2,0 mm, a
OCTaTOYHA TOBIIMHA 1mTabu micasa odtucHennsa Big 1,0 mo 1,5 mm. Jlpyruii arperat
Castrip O0yno BBeneHO B ekciutyatartiito y 2010 p. Ha 3aBoai Nucor Yamato Steel y m.
bayteimn (CIIIA) [21, 34].

[IpenmeToM OCHOBHOI AMCKYCli MK po3poOHUKaMu MpoekTiB «Castripy Ta
«Eurostrip» Oyyio nutanHs BUOOpPY JlaMeTpa BaJIKiB-KpUCTaII3aTOPiB. 30UIbIICHHS
JiaMeTpa BaJIKiB JIO3BOJISIE 3HU3WTH TEIUIOBE HABAHTAKCHHS HA BAJIKA Ta iX
TeMIepaTypy, 30UIbIIATA BIAOIP TEIia BiJl METaly, IO PO3JIUBAETHCS, 1 IMIIBUIIUTH
BHACIIJIOK I[HOTO MIBUAKICTh PO3JIMBKH. BUXOfuM 3 1UX MEepeyMOB KOMIIaHIsA
Eurostrip Bupimmia BUKOPUCTOBYBaTH Basku aiamerpoMm 1500 mwm, toxi sk Castrip
3acTocoBye Bajiku aiameTpoM 500 mwm. [IpakTrka miaTBepAunia CKIaAHICTh Ta BUCOKY
BapTICTh peaiizaiii mpoiecy Oe33TMBKOBOI MPOKATKU 3 BUKOPUCTAHHSM BaJIKIB
niameTpoM 1500 MM, TOMy 11e# TpoeKT OyJio npunuHeHo [49].

OOMeXyroUrMM YMHHUKOM OUTBII IIUPOKOTO MOIIMPEHHS TEXHOJOTIT BaJIKOBOI
PO3JIMBKHU-TIPOKATKA € HEJAOCTaTHS ChOTOAHI eKCIepUMeHTalbHa 0a3a 070
7abopaTOpHUX JOCTIPKeHb, 1 HaBITh HEMOBHa 1HdopMaris y 3apyObKHOT Ta
BITYM3HIHOI HAYKOBO-TEXHIYHOI JITEPATYpH MPO Pe3yIbTaTH BUKOHAHUX JOCIIIKECHb.
B ocHOBHOMY, HAaTypHUMH OCIIDKEHHSIMH IPOIECY BAIKOBOI PO3TUBKH-TPOKATKH
METaJliB Ha CHOTOJHINIHIA JCHb 3alMalOThCS M'SATh BIJIOMHX CBITOBHX HAaYKOBHUX
HEHTpPIB: 1HCTUTYT TexHoJsoriit (Ocaka, SAnoHisA), IHCTUTYT BHUBYEHHS 3aJli3a IMEHI
M.ITnanka (Hroccenbnopd, Himeuunna), Peiin-BecTdanbchka Bulia TeXHIYHA TKOJIA
(Aaxen, Himeuunna), okcdhopacbkuii yaiBepcuteT (Oxchopa, Bemukobpuranis) ta
1HCTUTYT TTpomucioBux matepiaiiB (boyuepsins, Kanaga) [50].

AHami3 TOCTyMHUX Ha CHOTOAHINIHIN JACHb PE3yJbTaTiB POOIT MepepaxoBaHUX
HayKOBHX IIEHTPIB Ta IHIIIUX aBTOPIB IMOKA3Yye, 1110 OCHOBHOIO MTPOOJIEMOIO IBOBAIKOBOT
PO3IMBKU-TIPOKATKM METaJiB 3aJUIIAEThCSl HECTAOLIBHICTh CaMoOro IMpolecy,

IOB'A3aHa 3 TAKMMM, YaCTO B3a€MHO ITOB'I3aHMMHM, a 1HOJI1 1 B3AEMHO BHMKJIIOUAIOUMMH

dakTopamu sik [21-24, 27, 31, 33, 43, 44, 51-69]:
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— TeXHIYHA CKJIaJIHICTh 3a0e3MeUeHHs PIBHOMIPHOTO PO3MOALTY PIAKOTO METaITy
10 BCi¥ IIMPHUHI BAJIKIB, Y TOMY YKCJI1 Yepe3 MPOsIBYU T'APaBIIYHUX €(EKTiB, MOB'I3aHIX
13 BIIACTUBOCTSAMHU PIJMHU, 1110 BU3HAYAIOTH MOCTYIIOBE 3BYKEHHS MTOTOKY;

— CKJIQJHICTh YMPAaBIIHHS T1IPOJWHAMIYHMMHU IapamMeTpaMu PO3IUBKH SIK 3a
pPaxyHOK 3MiHU CTaTUYHOTO THUCKY PO3IUIaBYy y MPOMIXKHOMY KOBIII, TaK 1 BHACIIJOK
perysatoBaHHsl HOro MacoBOi BUTPATH CTOMOPHUMU Ta MIMOEPHUMU 3aTBOPAMU;

— CKJIAJHICTh YINpPaBIIHHS TEIJOBHUM CTAaHOM pO3IUIaBY, IO HAAXOIUThH Y
MDKBAJIKOBUM TPOCTIp, IMOB’SI3aHMM 3 THM, 1[0 y HPOMIKHOMY KOBIII CKJIQJIHO
OpraHi3yBaTH JOAATKOBHM MiAIrpiB MeTally O6e31ocepeIHbo epe] PO3IMBKOIO;

— Ha/I3BUYAHO BUCOKA TMHAMIKa Mpoiiecy (IIBUAKICTh BUTATYBAaHHS 3arOTOBKH
iHoxi B 10...20 pa3iB nepeBuIllye MOKa3HUKHU TPATUIIHHUX TEXHOJIOT1H O€3MepepBHOTO
JUTTS cTaml y cisabu), 110, O€3CyMHIBHO, Ipa€ BHpIMIAIbHY pOJdb Yy MPOLEC]
(dhopMyBaHHS 3ar0TOBOK;

— HeOe3neka OOKOBOTO 3aTiKaHHS pO3ILJIaBy BHACTIAOK «BUIABIIOBAHHS» HOTO
BaJIKAaMU 3 MIKBAJIKOBOTO 3a30DY.

Y pesynbpTaTi CymMapHOro BIUIMBY TIiepepaxoBaHUX (HaKTOpiB OTpUMYyBaHa
METOJIOM JIBOBAJIKOBOI PO3JIMBKU-IIPOKATKH MPOAYKIIS 32 CBOEK SIKICTIO 4YacTo
MOCTYNAETHCS MPOAYKIIii, BATOTOBJICHOIO TpaauiliiHuMu criocobamu [60, 61, 63, 64,
66, 69, 70].

Jlns  3abe3reueHHs CTallILHOCTI MPOLECY BAJIKOBOI PO3JIUBKUA METaNliB
HaMararoTbCs BUKOPHUCTOBYBATH Pi3HI MPUUOMHU Ta IHCTPYMEHTApii. SIKIIO TOBOPUTH,
HaAIPUKIIAJ, IPO ONTUMAJIbHUHN CIOCIO MiABEICHHS PO3IUIaBy METaly B MIKBAJIKOBUHN
MPOCTIP, TO HAMararoTbCA 3a0€3MEeUnTH TaKl YMOBU: BIJACYTHICTh CTOSIMUX XBUJIb Ha
MEHICKYy poO3IlIaBy 1, BIANOBIIHO, MiHIMalbHA TyJbcallisi TMOBEPXHI MeTaily;
TiApOJMHAMIKa PO3IJIaBy Mae 3a0e3Me4YUTH HaMOUIbIy €(EeKTUBHICTh CIUIMBAHHS
HEMETaJIEBUX BKIIIOUEHb; TOTOKH METATY B PiJIKiii BAHHI TOBUHHI MaTH TaK1 TPAEKTOPII,

K1 3a0e3neuyBanu 0 0e3neky (0e3 po3MHUBIB) 3aTBEPALIMX HA TOBEPXHSIX BaJIKiB KIPOK

[55, 57, 59-62, 67, 68, 70].
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Bupimansny posnb y 3a0e3reueHHi SIKOCTI JUCTOBOI MPOAYKIIT MPH BaJKOBIH
po3iuBLI OyAb-IKOTO THUIy METAJIEBOTO CIUIaBy Tpa€ MpoIec Horo Kpucramizamii Ta
MPOKATKU y BallKaxX-KpucTajiizaropax. BizyanbHa oIliHKa SIKOCTI 0JIepKYBaHOTO JIUCTA
31ACHIOETHCS 32 HASIBHOCTI MOBEPXHEBUX AC(PEKTIB MEPEBAKHO Y BUTIISAI1 MOTIEPEUHIX
TpimuH. [I[puYnHOI0 BUHUKHEHHS TaKUX TPILIUH B JIMCTI MPHU JABOBAJIKOBIA PO3IUBIII
MeTalliB, MalyTh, € BHYTPIIIHI TEPMIUHI HANPYrd, SKI BUHUKAIOTh 4Yepe3
HEOJTHOPIJHICTh OXOJO/PKEHHS BHYTPIIIHIX 1 30BHIIIHIX IIapiB 3aroTOBKH, IO
dbopmyethes. KpiM Toro, Ha 1iit yke DUISHII BUHUKAE €(DEKT IPOKATKW» JIUCTA, SIKUM
MOPOJKYE JTOJATKOBI TMO3/I0BXKHI HAMpPyrH, MO0 PO3TIATYIOTh, 1 aedopmariii B HOro
MOBEPXHEBUX MIapax. BHyTpilIHs Hampyra Tak0kK BUHUKAE TTPH 3TMHAHHI CMYTH, TIPOTE
e (axrop, SK MpPaBUIIO, HE HACTIIBKU BaXJIMBUM, TOMY IO HE CIIOCTEPIraeThCs
BIJIMIHHOCTEH Yy XapakTepl pO3TPICKYBaHHS BEPXHbOI Ta HWKHBOI IOBEPXOHb
3aroToBOK [57, 63, 64, 69].

VY 3amo6iranHi YTBOPEHHIO TPIIIUH Ta 3a0€3MEUCHHIO OJTHAKOBO1 TOBIIUHHM JIUCTA
BAXKJIMBY POJIb BIAITPA€ CTANICTh PIBHS METATy MK BaJIKaMH 3 BUCOKOIO TOUHICTIO (£2
MM) Ta MiHIMaJIbHE KOJIUBAHHS MOBEPXHI PO3IUIABY. 3 I[I€I0 METOIO BUKOPUCTOBYIOTHCS
crieriajgbHl MPUCTPOI I TOoJlayl pO3IUIaBy B MIKBAJIKOBUN TPOCTIp (HApPHKIAI,
CKJISIHKM TUITY O00POBHIA XBICT), SIK1 I03BOJIIFOTh PO30CEPEIUTH MTOTOKHU PO3IUIABIB MPU
JUTTI TOHKUX CJsA0iB. [HIMMI MmiAXig - BUTOTOBJICHHS PO3JIMBHUX CKIISTHOK
KJIIMHONO110HOT (hOPMH 3 TaK 3BAHOIO CUCTEMOIO «JIOLIOBOr0» 3aKIHUEHHS PO3ILIABY B
TOHHIA yacTuHi [67, 68]. BukoprcTaHHsS TaKuX MPHUCTPOIB 3a0e3medye piBHOMIpHE
PO3MOAUICHHS METaly MO IIMPUHI BAJKIB MPU TOCTIHHIN TeMIeparypl 1 HEBEJIUKY
IIBUJIKICTh HAJIXO/PKCHHSI METaJly B 3a30p MK BaJKaMH.

3MEHIICHHIO PO3TPICKYBAHHS 3arOTOBOK CIPHUSIOTh TaKOX Ti 3aXO0JH, SKi
CIpsIMOBaH1 Ha BUPIBHIOBAHHS TEMIIEPATYP 1XHBOI MOBEPXHI, Y TOMY YHUCIII 32 PaXyHOK
30UTBIIEHHS! IIOPCTKOCTI TMOBEPXHI BAJIKIB Ta BUKOPUCTAHHS CIIELIAJIBHOIO

MMOBEPXHEBOTO MOKPUTTSI HA HUX (HANIPHUKJIa, OKCHIHO-IIMPKOHI€BOTO) [28, 30, 35, 49].
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besnocepenne cnocTepekeHHsT Ta BHBYEHHS IIpolleciB (Teriodizuka Ta
riipoavHaMika pO3IJIaBy, THapaMeTpH KpucTamizamii Ta aedopmariii TOIIO0), IO
B1IOYBaIOTBCS y MDKBAJIKOBOMY MPOCTOPi, 4epe3 iX BHCOKY JIWHAMIYHICTH Ta
3aKpUTICTh CAMOi 30HU 3AJIUIIAETHCS MPAKTUYHO HEMOMXKIIMBHUM TSI TOCTITHUKA. Tomy
€IMHY MOXJIUBICTh ISl JOCHIDKEHHA IIMX TPOIECIB HAJalOTh JIUIIE METOIU
MaTEeMaTUYHOTO Ta (PI3UYHOTO MOJIETIOBAHHS (TOOTO CTBOPEHHS MaTEMAaTHYHHUX Ta
(b13MYHUX MOJENEe, 10 OMUCYIOTh MPOLIECH BAJKOBI pO3IMBKU-TIPOKATKH). Di3nuHi
MO/IeJli, TOJIOBHUM YMHOM, BUKOPUCTOBYIOTHCS ISl BUBYEHHSI KOHKPETHOI POOIeMHU
Yl BHU3HAYEHHS BIUIMBY KIJbKOX UHWHHUKIB (3a3BUYaii, 3aCTOCOBYETHCS METO]
JOKAJIbHOTO (hI3MYHOTO MOJENIOBaHHS). Beck mporiec po3muBKU-MIPOKATKHA METAiB
3arajom, 3a3BHYail, BUBYAIOTh 3 JOMOMOTOI0 AHAIITUYHUX IMIJAXOMIB UM YUCEITHHUX
METO/IIB PO3paxyHKIB (MaTeMaTUYHUX Mojenei). TeopeTnyH1 JOCIIKEHHS 3a3BuYail
JUISATh HA PIIIEHHS OKPEMUX 3aB/IaHb: aHANI3U TAPOJUHAMIKY METaIy B P1IKIA BaHHI
IpU MOro KpUCTami3allii; aHaji3 TeMIepaTypHUX IMOMIB 3 Mepepizy MeTally Ta BaJKiB;
OLIIHKA MPOLECIB KpUCTaIi3allii Ta MIACTUYHOTO Nepediry Meranay B 30H1 aedopmartii
[34, 71-88].

Oco0OMMBOCTI  TEMJIOMACONEPEHECEHHsT TMPU  BAJIKOBIM  PO3JMBIL-ITPOKATII
3yMOBHJIM BUKOPHUCTAaHHS TPUBUMIPHUX MOJENE Hacamrmepea MpH MOJIETIOBaHHI
riIpoAMHAMIYHUX €(QEeKTIB y BaHHI pinkoro merany. Cepen KOMIUIEKCHUX 00'€MHHX
MoJIeJIel MOXHa BHAUTUTH POOOTH, SKi JO3BOJSIOTH PO3TISAATH XapaKTep Ta BIUIUB
TypOyJICHTHOCTI B 30H1 KpHUCTami3aIii-aedopmariii Ha TeMrepaTrypHe moJjie MeTaly Ta
MOJIOKEHHST (PPOHTY KpUCTai3aIlii MPU PO3IUBIII-MPOKATIII HU3bKOJIETOBAHUX CTaJICH
Ta YUCTOTO aloMiHito [72, 79, 80, 82, 84]. LlikaBi pe3yJbTaTi OTpUMaHI1 3a JI0IMTOMOT'0I0
MOTY>KHOTO MAaTeMAaTUYHOTO arapaTy B poOOTax AJis aHalli3y TeMIEpaTypHOTO TOJis
MeTay Ta BaJKIB MPU PO3JMBII BUCOKOTEMIIEPATYPHUX METAJIB Ta cIuiaBiB [73, 75,
76, 81, 86, 88]. AHani3 1ux poOIT MOKa3ye, 10 € MePCIEKTURA MOAAIBIIIOT0 PO3BUTKY
MaTeMaTHIHUX JIOCTIKEHb Ha OCHOBI YHCEIbHHX METOMIB JIJIsi OiJIBII IITHPOKOTO

CHEKTPY METaJeBUX CIUIaBiB. 30KpeMa, METOJ KIHIEBUX €JIEMEHTIB, Kl JI03BOJISLIN O
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OJIHOYACHO OMKCYBATH MIBUAKOCTI T€Uli METaly, TEMIIEpATypPHI MOJISI METaly Ta BaJIKIB
Ta CTPYKTYpHI IEPETBOPEHHS B 30H1 KpUCTai3alii-nedopmariii.

[IporHo3yBaHHIO CTPYKTYPHHUX MEPETBOPEHb y METallax MpH iX KpHUCTami3alli-
nedopmariii MK BaJKaMH, MO OOEPTAIOTHCSA, HA OCHOBI MaTEMaTHYHUX MOJEICH
NpUCBsUEHO HAcTynHi myomikamii [71, 74, 77, 78, 83]. OcHoBHa yBara B HHX
NPUAUIAETECS BHUBYEHHIO BIUIMBY TEMIIEpaTypu pO3IUIaBy Ta MIBHUIKOCTI HOro
OXOJIOJKECHHSI HAa KIHETHKY YTBOPEHHS BKIIOYEHb MK ICHAPUTAMH 3aTBEPIITI0TO
MeTtaiy. KpiM 11b0oro, BUKOPpUCTOBYIOUN eMITIpUYHY (PYHKIIIIO "KBagpaTHOTO KOpeHs",
BU3HAUCHO TEOPETHUYHI 3aJICKHOCTI JOBKHWHM 30HHU KpHCTaiizallii-medopmariii Bif
IIBUJIKOCTI TEIUIOBiABEJeHHS (1HAKIIEe MIBUAKOCTI oOepTaHHs BaikiB). [Ipu 1mpomy
3a3HA4YCHI TEOMETPUYHI MapaMeTpyd 30H XapaKTEpU3yBAIMCS aBTOpaMHu pOOIT He
aOCOJIOTHUMH JIIHIMHUMH PO3MIpamMH, a BEJIUYMHOIO KyTa KOHTaKTy METally, IO
MOBHICTIO 3aTBEP/IiB, 3 BAJIKOM 1 IOBHOTO KyTa KOHTAKTy METay 3 HUM.

[Tepmra po3pobiiena MaTeMaTHYHA MOJIEITh, IO OMKCYE T1APOJUHAMIKY PO3ILIABY
MeTaJly Ta MOro KpUcTalli3alliio y MKBAJIKOBOMY MPOCTOPi, Oyia ogHoMmipHOtO [71, 75].
BoHa 103Bo1s171a OTpUMAaTH O30T IIBUAKOCTEHN, TEMIIEpATyp Ta HAMPYT 1O JOBXKHHI
30HU KpucTam3aiii-gedopmariii. Hanani oqnomipaa Mojenb Oyiia po3imupeHa 10 JB0X
BUMIpPIB, TOJIOBHUM HEJOJIKOM SIKO1 € HETOYHUN omuc xapaktepy ¢(HopMu 30HH
Kpuctama3anii-nepopmartii [76, 77]. Y nBoBUMIpHIH MoOjedi Tak camMo SK 1 B
OJTHOBUMIPHIA MO/, BUKOPUCTOBYETHCS METOJ KIHUEBUX PI3HUL BHU3HAYEHHUX
napameTpiB. OcTaHHS MOJIEIb JOCUTh TOYHO OMHUCYE IOJIS IBUIKOCTEHN Ta TeMIepaTyp
y MeTaJIl.

[Toganpimuii  pPO3BUTOK MaTEMAaTHUYHOIO MOJICIIOBAHHS Tedil MeTany Yy
BaJIKOBOMY KpHCTaNi3aTOpP1 MOB'I3aHUH 13 3aCTOCYBaHHSAM METOAY KiHIIEBUX €JIEMEHTIB
(To0TO CTBOpEHHs TpUBHMIpHOI Mozemi) [78, 79]. ¥V nmx myOmikaiisix MOKa3aHO
MOKJIMBICTH 3acTocyBaHHsl CFD-cuctem i MOJEIIOBAHHS T1IPOIMHAMIKY PO3ILIABY

MeTaay B MDKBAJIKOBIN 30HI Ta JAOCTIIPKEHO 3a JOTIOMOTOI0 CTBOPEHOI TPUBHMIPHOI
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MOJIe/Il BIUIMB Ha Hel KoH(iryparii *XuBWJIbHUKA. ['OJJOBHMIM HENOMIK Ii€1 MOJeni
MOJISITa€ Y HEMOXKIIMBOCT] BpaxyBaHHS 3MIHH BJIaCTUBOCTEH MeTaly IIPHU TBEPAHEHHI.

ABTopoM po6otu [80] 11 BU3HAUCHHS IMOJIOKEHB JIHIM JIKBIAYC 1 COMAYC B
CIUIaBl, WO TBEpJHE, 3aNpPONOHOBAHUN OpHUTiHAJBHUI METOJA, WO TOJSIrae B
OaraTropa3oBiii mepeOya0B1 KIHIIEBO-€JIEMEHTHOI CITKH, III0 BUMAara€ 3HAYHNX YaCOBUX
pecypciB 1 € TIOPIBHIHO CKJIATHUM. /{711 BUBUEHHSI IpoIlieCy KpHUCTajizalli MeTany y
JIBOBAJIKOBOMY KPHUCTaNi3aTOpi po3poOJeHO ¥ 1HIN MaTeMaTHYHI MOJENi, B SKHUX
BUKOPHCTAHI SIK BJIACHI BUpIIITyBayl, Tak 1 po3po0JieHe By3bKOCIICIIAII30BaHE paHille
KoMeplIriitHe nporpamue 3abe3neueHns [82, 83]. I1pu npomy nepuiuii miaxia € O1IbII
TPYJOMICTKHM, a IPYTUH MEHII YHIBEPCATbHUM.

IcHye ¥ iHIIE anbTEpHATHBHE PIMICHHS MpU BUOOP1 0a3u JjIsi MaTEMaTHYHOI
MOJIEITi, B IKOMY KPiM KOMITJIEKCHUX MPOTPAMHHUX IMAKETIB BUKOPHUCTOBYETHCS MAKET
ANSYS amepukancekoi komrmanii «Ansys Inc» [80, 84-89]. [lepeBaroro ocTaHHBOTO
MPOrpaMHOrO 3a0€3MEUeHHsI € HAasSBHICTh KIHIIEBO-€JIEMEHTHOTO THUITy MOJENl Ta
rigporazoguHamiyHoro Mmoxyns Flotran, skuii 1mo3Boiisie CHUIBHO —BHPINIyBaTH
TerIo(i3uyHl 3aBJaHHS Ta pO3PAXOBYBAaTH IIOTOKH pO3IUIaBy MeTany (ToOTo
riIpOAMHAMIYHI 3aBJIaHHSA ), III0 Ma€ 3MIHHY B's3KicTh. Bukopucranns nakera ANSY'S
3HAYHO PO3LIMPIOE MOXJIMBOCTI MOB'SI3aHOTO  PIIIEHHS TEMIOPI3UYHUX  Ta
TiIPOAMHAMIYHUX 3aBJaHb Ta 30UIbIIYyE CHEKTp MJaHUX, SKI MOXHA OTPUMATHU
MaTeMaTUYHUM MOJICTIOBAHHIM IMPOIIECY BAJIKOBOI po3iuBKU-Tipokatku [80, 87, 89].
Kpim 1poro, BimMiHHa ocobnuBicTh Moayns Flotran momnsrae me ¥ y MOXXIJIHUBOCTI
pO3IIIAly METally SIK HEHBIOTOHIBCHKOI PIMHU, B PE3YyJbTaTI YOT0 KOPUCTyBadYeM
MOXXYTh OyTHM MOB'i3aHI MK COOOI0 TemIreparypa, yMOBHa B'SI3KICTh 1 HIBUIKICTb
3CYBHOI fedopmariii B MeTai, mo po3nuBaetbes [71, 84].

VYHiBepCcATBHICTh JAHOTO MPOTPAMHOTO 3a0€3MEUEHHS PO3IINPIOE MOMKIIMBOCTI
KOpPUCTyBaya NpH BHUBYEHHI MPOLIECIB BAJIKOBOI pO3NMMBKU MeTaniB. Hampuknan, y
nesikux pobotax cniabHO 3 maketoM ANSYS 3acTOCOBYIOTHCS KOPUCTYBAJIBHUIBKI

makpocu UPF st cnijibHOro BUpIIIEHHS TEIUIOBOI Ta TIAPOAMHAMIYHOL 3a/1ad MpU
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nepediry Metally MiXx BajkamMu-Kpuctaiizaropamu [87—89]. Taka koMIuieKCHa MOJIEh
JI03BOJISIE OTPUMYBATHU TOJSI MIBUAKOCTEH Ta TeMIeEparyp, sIK y 30HI KpucTami3alii-
nedopmMaiiii Metaiy, Tak 1 TeMIepaTypHi Moy OaHaX1B BaJIKIB.

Po3po6iieHo TakoXX KOMIUIEKCHY MOJENb ISl CHUIBHOTO  PO3PaxyHKY
TEMIEpaTyp, HAMpyT Ta AedopMaliiii y mporieci BaIkoBO1 pO3JIUBKU-TIPOKATKH METAIB
[90]. ¥V miifi Moaeni BpaxoBYHOThCS €(GEKTH BiJl BUIBHOI Ta BHUMYIIEHOI KOHBEKIIIT
PO3IMIIaBICHOTO METATy MK BaJIKAMHU-KPUCTaNI3aTOPaMH, MPOIIECY YCAIKH METAITY, 1110
3aTBepAiBa€, BUIIJICHHS IPUXOBAHOI TEIIOTH KpHCTadi3aimii B 30HI MDK(a30BOro
nepexoiy, a TaK0X HEOJHOPITHOCTI AedopMallii B 30H1 MIPOKATKH JIUTOT 3aTOTOBKH.

ABTtopu myOmikaiii [91] mpeacTaBwiM TEPMOMEXAHIYHY MOJIENIb MPOLECY
BaJIKOBOi PO3JIUBKU-MPOKATKU JUIsI PI3HUX METaJeBUX CIUIaBiB. TyT pO3MISIHYTO
B3a€MO3B'A30K IMPOIIECIB TEPMOKIHETUUYHOTO TBEPJHEHHS Ta MEXaHIYHOi aedopmarii
MeTaly MK BaJIKaMH 3 YpaxyBaHHSIM TEIIOMAacOOOMIHHUX MPOIECIB MK HUMU. VY 11iH
MOJIeJII B3a€EMOIIOB'sI3aHI TPOLIECH TEPMOKIHETUYHOTO TBEPAHEHHS Ta MEXaHIYHOI
nedopMailii MeTamy MiX BaJIKaMU 3 YpaxyBaHHIM TEINIOMAaCOOOMIHHUX MPOIIECIB M1k
Humu. [91].

Y poGoti [92] mpu MOJENIOBaHHI TPOLECY BaJIKOBOI PO3IUBKHU-TIPOKATKU
QTFOMIHIEBOTO CITJIaBY BUKOPUCTAHO MOJACIb AHAHJIA, B SIKii BPaXOBYIOTHCS MPYKHI,
IJIACTUYHI Ta TeMmmepaTypHi aedopmaiii metainy. [Ipu po3pobii 1miei mporpamu
aBTOopaMu poOOTH 3aBAaHHS BUPINIYBAJIOCA y JBOMIPHIA MOJENl 1 poOMIMCS Taki
HAOMKEHHS: TIPUITYCKaJIH, 1110 BC1 MEXaHIYHI Ta TEPMI4YHI BJIACTUBOCTI CIUIABY, IO
BHUBYAETHCS, KpPIM B'SI3KOCTI Ta TEIUIOEMHOCTI, HE 3aJieKaTh BIJl TEMIIEpaTypH;
Koe(illleHTH TepTs Ta TEIUIOBIAJaul MIX BaJKaMH Ta JKCTOBOK 3aroTOBKOIO
BBAKAJIMCSA MMOCTIHHUMU.

TakuM YMHOM, BCl HaBEJEHI BHIINEC MaTEMaTH4YHI MOJEIl HE J03BOJISIIOTH
pO3MIISIIaTA CUCTEMY BaJOK-METaNl K €IWHE IIiJie, a Jal0Th YSABICHHS JIUIIC TPO
MPUBATHI PIIICHHS, B SKUX OaraTo (pakTopiB MpOIECy BAIKOBOI PO3IHMBKU-TIPOKATKH

METaJIIB HEMOKIIMBO BpaxOBYyBAaTH, 1 BHaCJ'Ii)IOK ObOIr0 HE 3aBKJIU € KOPCKTHUMU IIpU
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3aCTOCYBaHHI B TpPakTHIll. BiAmoBigHO, ICHYE€ MOMJIMBICTH [JIi BIOCKOHAJICHHS
BiJIOMUX Ta CTBOPEHHS HOBUX MaTEMaTUYHUX MOJCIICH JUII KOMIIJIEKCHOTO BCEOTYHOTO

BHUBYCHHS ITPOLICCY BaJIKOBO1 PO3TUBKH-IIPOKATKH METaJiB.

1.3. Cy4yacHuil cTaH Teopii Ta TEXHOJIOTiI OTPUMAHHA SIKICHOIO JIMCTA 3i
CILIABIB HA OCHOBI AJIIOMiHIIO.

Haiinommpenima mpoMHUCIIOBa TEXHOJOTIS, sIKa ChOTOJIHI BUKOPHUCTOBYETHCS
JUI. OTPUMaHHS JIMCTOBOTO IMPOKATy 31 CIUIaBIB HAa OCHOBI aJIOMiHiIO, MOJI0HO 10
CTAJIEIPOKATHOTO BUPOOHMIITBA, CKIAAAETHCSA 3 JABOX PO3AUIBHMX eTamiB: 1 eram —
OTPUMaHHA JUTHX 3arOTOBOK; 2 €Tal — TepMiYHa Ta MeXaHi4Ha 00poOKa OTpHUMaHUX
3aroroBOK. (OCHOBHI ~€Tamy TakKOro TEXHOJOTIYHOIO IMpOLecy OTPHUMaHHs
raps;/deKaTaHoro JIMCTA 3 aTOMIHIEBUX CIUIABIB CKJIAJIA€ThCS 3 HACTYIMHUX OIepalii,
110 TIOCIiA0BHO MpoBoIsAThCs. [1-7, 40]:

Jlumms 3a20mo6oK — B TaHWUM 4ac 3arOTOBKHU, IEPEBAKHO, OTPUMYIOTh Y BUTIISIL
cis101B, BIJIMTUX METOAOM HamiBOE3MEpEPBHOTO JIUTTSA, BUKOPUCTOBYIOUH ISl IOTO
KpUCTAII3aTOpy KOB3aHHA a00 eNeKTPOMArHiTHI KpHUCTaIi3aTopu (I03BOJISIOTH
OTPUMYBATH 3arOTOBKH 3 BUCOKOIO SIKICTIO TIOBEPXH1 Ta CTPYKTYPH).

VY neskux MeTanypriiHUX MiAIPUEMCTBAX 3arOTOBKH IS MTPOKATKH B TUCTOBUI
METAJIONPOKAT CHOYATKy OTPUMYIOTh Y BUIJISJI 3JUBKIB Y BWIMBHHIIIX. OTpuMaHi
3JIUTKH MIJAI0Th CIASOIHTY, B pe3yJbTaTi KOro HUITXOM TEPMOMEXaHIYHOT OOPOOKH
iX IepepoOIIAIOTh Y CISI0U JIJISl TTOIAJIBIIOT TPOKATKH.

T'omocenizayus ma pizanHsa 3a20mo6oK y mipy 3 METOI0 3MEHIICHHS XIMIYHOI
HEOTHOPITHOCTI 3aTOTOBOK Ta 3HATTSI 3aJIUIIKOBUX TEPMIYHHUX HAMPYT, [0 BUHUKAIOTh
pu JTUTTI. Y pe3yabTaTi TOMOTEHI3aIlli BIIOYBA€ThCS 3HAYHE 301IBIIICHHS TUIACTUYHUX
BJIACTUBOCTEHN 3ar0TOBOK, IO POOUTH iX OUIBII NPUAATHUM JJIsl TApSAYO0] IPOKATKHU.

['omoreHnizaiio 3A1HCHIOIOTh HUIIXOM HAarpiBaHHS 3aroTOBOK Y TYHEIbHUX
neyax JI0 TeMInepaTrypH, OJU3bKO1 O TeMIepaTypu cojigyca (3a aiarpamoro CTaHy),

TPUBAJIOi BUTPUMKH MpH LI TemmepaTypl Ta MOBIIBHOTO OXOJOJKEHHS pa3oM 13
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mivyio. Pi3aHHs 3aroTOBOK 3/IACHIOIOTH JMCKOBUMH ()pe3aMu Ha CHellalibHIN JiHiT
pi3aHHS.

®Dpezepysannsa — onepallis, IpUu3HaAYeHa IS BUIAICHHS 3 MOBEPXHI 3arOTOBOK
JIKBAIIHHUX HATUTMBIB. [[71s 1IOTO MOBEpPXHI 3arOTOBOK TMiIAIOTHCS CYILITLHOMY
JIBOCTOPOHHBOMY (Ppe3epyBaHHIO 31 3HATTAM 3 KOXKHOI CTOPOHHM Iapy 3aBTOBIIKHU
0,012 - 0,015 m.

Mummsa ma cywinna 3a20moeox TPOBOAUTHCS TIapsAyYOK BOJOK IPH
temmnepatypi 60 ... 80 °C mig tuckom 10 1000 klla Ha MUITHO-CYIIUIILHOMY MPUCTPOIT
JUTSI BUAQJICHHS 3 X IOBEPXOHb Opy/ly Ta MacTUa.

IInakysanns 3a20mogox — TEPMOMEXaHIYHE HAHECEHHS Ha IXHIO MOBEPXHIO
TOHKOTO 3aXMCHOTO IIapy IHIIOTO MeTaiay abo cruiaBy. [lnmakyBaHHsS MifnarOTh, SIK
paBuJiIo, 3aroToBKH 31 cruiasiB 1, J[16, B9S nuiaxom npokaTku micis HarpiBaHHSA 3
HaKJIaJIECHUMU 3 000X CTOPIH IUIAHLIETAaMU 3 MaTepiaity, 0 HAHOCUTHCS (3 allFOMIHIIO
AJll a6o Allmn). IlnakyBaHHsl 103BOJIsiE 30epiraTd OCHOBHHUI MeTaj BiJl KOpO3ii Ta
3aXMCTUTHU MOBEPXHIO 3arOTOBOK B1Jl PYWHYBAaHHS PY MOAAJIBIIIN TrapAa4lid MPOKaTI.

Hazpis 3a20mo6ok neped caps1oro npokamkoio TOJSATae B HarpiBaHHI 3arOTOBOK
BUIIE TEMIIEPATYp PEKpUCTAI3aIliil 1aHOTO KOHKPETHOTO CIJIaBy 1 MPU3HAYCHUN IS
3HW)KEHHS 1X BJIACTUBOCTEH MIIHOCTI 1 MIABHUIIIEHHS IIJIACTUYHUX BJIACTUBOCTEM.

Yac HarpiBy 3aroToBOK MiJOMPAIOTh TAKUM YHMHOM, 100 3a0e3MeuuTH iX
pPIBHOMIpHE HarpiBaHHs IO BChOMY Nepepi3y. TpuBajne HarpiBaHHs MOKE MPU3BECTH
0 HAJAMIPHOTO OKHCHEHHS TOBEpXHI 3aroToBoK. JIyisi HarpiBaHHS 3aroTOBOK
3aCTOCOBYIOTh €JIEKTPUYHY T4 13 KpokyrounMu Oanmkamu. Ilicias HarpiBanHsa y medi
3arOTOBKH IO POJIbIaHTY MPSMYIOTh K IPOKaTHOMY CTaHy.

l'apsaua npokamka — rojloBHA OIepallisl y TEXHOJOTTYHOMY IIUKJIl BUPOOHUIITBA
JUCTOBUX HamiB(aOpuKaTiB 3 ajgoMiHIEBUX cmuiaBiB. [lpolec rapsdoi npokatku
noJisirac B OOTHCHEHHI METally BaJKaMU MPOKATHOTO CTaHy MPHU TEMIIEpaTypax BHIIE

TEMIIepaTyp peKpUCTaTI3aIlii.
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KiH11eBo10 npoayKIli€ro rapsiuoi MpOKaTKM € JIUCTU Ta IUTU. OCHOBHA YaCTHUHA
TaKkol MPOAYKII HAAXOIWUTh y BUTISAAI pyNoHIB 3aBTOBIIKUA 3...10 mm. [apsuy
MIPOKATKy AaJIFOMIHIEBUX CIUJIAaBIB 3/1MCHIOIOTh B OJIHOKJIITHOBUX, JBOKJIITHOBHX 1
HamiBOe3nepepBHUX cTaHax. HamiBOesnepepBHI CTaHM rapsuoi MPOKATKHA 3HAYHO
NPOAYKTHUBHIIII 1 JO3BOJSIOTH BUKOPHUCTOBYBATH 3arOTOBKHM BenuKoi macu. Jlo ix
CKJIaJly BXOJSTh OJIHA UM JIBl PEBEPCUBHI YOPHOBI KIIITI 3 €KEpaMu, TBOE HOXKHIIb Ta
Oe3mepepBHa YMCcTOBA Tpyna KiaiTed. KiTbKicTh YNCTOBUX KITITEH CTAHOBUTH Bl TPHOX
JI0 1IECTH, TPUUOMY TPUKIIITHOBI IPYIH OakaHO PO3UIMPIOBATHU 10 M'STUKIITHOBUX [2,
3, 40].

CyyacHi HamiBOE3MEpEepBHI CTaHW MAalOTh PO3KOYYBAJIbHI TMOJISI 3HAYHOL
IPOTSKHOCTI J1s 3a0€31€UEHHS POKATKU 3ar0TOBOK BEJIMKOT Macu. OCHOBHUM BUAOM
KJIITed € KTl kBapto. KpiM 1poro, 10 ix CKJIagy BXOJATh TAKOXK €IKEPH1 KIIITI,
HaIpsMHI1 JIHIAKH, CTOJIH, 0 00EPTAIOThCS, IITOBXAaul, HOXKUIII, POJIbI'AHTH, MOTAJIKU
ta iHm1. CrovyaTky mpoBOAUTHCS MOMEpeyHa rapsda mpokaTka (ToOTo mormepek JiHii
oci cnsa0y) 1o ToBMHU 5..10 MM Ha peBEepCHUX CTaHax, a MOTIM - TMO3JOBXKHS
NpoKaTKa JI0 TOBIIMHH 2,5...1 MM Ha HamiBOe3nepepBHUX cTaHax [2, 3, 40].

HaiiBaxknuBiiia XxapakTeprucTUKa MPoIeCcy MPOKATKU — 1€ CTYMiHb OOTUCHEHHS
3aroTOBKHM, IO BHU3HAYA€ SKICTb NPOAYKIIi Ta NPOAYKTUBHICTh cTaHy. llpu
BUKOPUCTAaHHI CEMUKIITHHHOTO HaIiBOE3MEPEpPBHOTO CTaHYy Ha MEPIIUX MPOXOJax
rapsyoi NpoKaTKu CTyHiHb Aedopmallii cTaHOBUTH 2...4%, OCKUIBKM 3aroTOBKa Mae
JUTY KPYNMHO3EPHUCTY CTPYKTYPY, HU3bKY IUIACTUYHICTH 1 NMPHU BEIMKUX CTYHEHSX
OOTHUCHEHHS MOXYTb 3'IBIISITUCS TpiuHM. [2, 3, 40].

[Ipoiiec mpoKaTKu CyMpOBOJIKYETHCSI HEPIBHOMIPHICTIO CTYIEHs Jieopmartii.
HaiiGinpmr cyTTeBO BOHA TPOSIBISETHCS HA OIYHMX KpasX 3aroToBoK. [IpakTtuyno
3aBXKAM TPU rapsiviii MmpokaTii 301IbIIYEThCS IIMPUHA MPOKATy, 10 BUKIMKAE
YTBOPEHHSI TMO3JIOBXKHIX PO3TATYIOUMX HAmpyr B OiuyHuUX rpaHsx. [lpum mnepmmx
IpOXoJax 30BHIIIHI KPOMKH 3arOTOBOK BUXOJSTh YBITHYTHUMH, IO CHPHUSIE IXHbOMY

po3TpickyBaHHs. ToMy ISl yCYHEHHS YBITHYTOCTI Ta JiJIsl ONPAILIOBAHHS CTPYKTYPH 3
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METOI TIJBUINCHHS TIJIACTUYHUX BJIACTMBOCTEH HeoOXigHa nedopmariis mradbu y
BEPTUKAILHUX BajKax (€mKepyBaHHs). Po3Mip emkepyBaHHS BU3HAYAETHCS TaKUM
yiuHOM, 1100 mTaba HaOyBaja CBOrO MEPBICHOTO PO3MIPY IO MIMPUHI. Y MepIi
PEBEPCUBHIN KIT1 BiAOYBAETHCS KUTbKA MPOXO/IIB, 110 CYITPOBOKYIOTHCS MOABITHUMHU
eKEPHUMH MPOXOJaMH, MOTIM MeTall MiAA€ThCsl MPOKATIl Y APYTid peBepCUBHIN
KT, [1icas 1p0T0 riTIbHOTUHHUME HOXKHUIISIMU 00P13at0ThCS TOPIIEBI KIHII MITA0H (17151
BUKJTFOUCHHS SIBUINA CEPHOBUAHOCTI MPHU MPOKATIl B Oe3MepepBHiN Tpyri) 1 cMyra
MOJAEThCA B Oe3nepepBHY M'ATUKIITUHHY Tpymy. Ilicis mporo oOpizaroThes Oi4Hi
KPOMKHU IITa0W TUCKOBUMHU HOXKUISIMH, 1ITa0a 3MOTYETHCSL B PYJIOH a00 MOJAETHCS B
JIHIi pi3aHHS TOBCTHUX JIUCTIB [2, 3, 40].

[IpakTuuHEe BHUKOPUCTAHHS 1HHOBAIIMHOI MeEXHON02I BANKOBOI PO3NUEKU-
npoxamxu (1HOJ1 BUKOPUCTOBYIOTh TE€PMIH O€33JIMBKOBA MPOKATKA) B aJtOMIHIEBIN
IPOMHUCIIOBOCTI, Ha BIJIMIHY BiJ CTaJE€NpPOKAaTHOIO BUPOOHUITBA, MAa€ TPUBAIILIY
icropito [41-44]. Ilpu BuUpOOHUITBI (HOJBrOBOI 3aroTOBKH IMOEIHAHHS TMPOIECY
PO3JIMBKH 1 MPOKATKH B €IMHUN HEPO3PUBHUM TEXHOJOTIYHUH JIAHITIOKOK MA€ TOJIOBHY
nepeBary, 1o MoJIArae y BiJICyTHOCTI 3aTOTOBEIBLHUX CTaHIB JIJIsl TIOTIEPEHBOT rapsvyoi
MPOKATKU 1 OLIBIIT BIAMOBIIHUIN pO3MIp Mepepisy ISl MOJAIBIIOT XOJIOAHOI MPOKATKH.
BupoOHuTBO (HOJIEroBOi 3aroToBKM Ha MamuHax Oe33muBKkoBoi mpokatku (BIT)
MIPU3BOINTH, BIAMOBIIHO, JI0 3HIKEHHS KUJIBKOCTI ONeparliii mornepeaHpoi 00pooKH 1,
K HaCHIJAOK, N0 MiJABUIIEHHS MPOAYKTUBHOCTI TPOIIECY, 3HWKEHHS KamiTadbHUX
BUTpPAT, y TOMY YHCJI 32 PaXyHOK MIABUIICHHS BUXOY MPUAATHOTO MeTairy 10 98% i
CKOPOYEHHS YHCEIbHOCTI 00CTYTrOBYIOUOTO MEPCOHAITTY.

A Tpy BUKOPHUCTaHHI B TEXHOJOTIi BUPOOHUITBA JIMCTOBOI MPOAYKIi CIsA01B,
OTPUMAaHUX 13 3JUBKIB, 32 PaxXyHOK OOpi3aHHA HOTO JOHHOI Ta JUTHUKOBOI YaCTHUH
BUX1J NPHUAATHOrO MeTany 3 JUTTS cTaHoBUTh MeHme 80%. Kpim 1mporo, mpu
BUPOOHUIITBI (DOJBIU 31 3IMBKOBOrO CIsI0y HE MOKHA OTPUMATHU PYJIOH HEOOX1AHOI

JOBXKMHU Yepe3 0OMEXEHICTh pO3MIPIB (JIOBXKUHHU) camoi 3arO0TOBKH [ 1, 2].
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Sk Oyno 3a3HayeHO BUIIE, BAJIKOBI MAIIMHU JJIS JIUTTS aJFOMIHIEBUX JHCTOBHX
3ar0TOBOK BIAPI3HIIOTHCS CIOcO0aMu Mojadi MeTally y BaJIki: 300Ky, 3BepXy Ta 3HU3Y
(puc. 1.5). Ilepun cnpoOu OTpUMAaTH JTUCTOBY aTIOMIHIEBY 3aTOTOBKY OYJIH ITPOBE/ICHI
dipmoro «Grown Cork and Seal Co.». [Tonaya po3nnaBy 3 TEXHIYHO YHCTOTO ATIOMIHIIO
Ha TMOBEPXHIO BAJIKIB-KPUCTAII3aTOPIB 3MA1MCHIOBANACA 3BEpPXy IMpH TeMIeEparypi
680°C, mipu 11bOMY OTPUMYBAJIM IITAOW TOBIIMHOIO 3 MM 1 oBX)UHOIO 150 M [39].

VY 1956 pomi B CIIIA Gyna BBeeHa B TPOMHUCIIOBY €KCIUTyaTaIlil0 yCTAHOBKA JIJIS
OTpUMaHHS aJIOMIHIEBOI JIMCTOBOI 3arOTOBKH 3a criocooom Xautepa (dipma "Hunter
Engineering") [44], sxuii mnependavaB MIABEIECHHS PO3IUIABY 3HHU3Y BaJIKiB 3a
JIOTIOMOTOI0  CTEIIaIbHUX ~PO3MOAUTPYMX MPHUCTPOiB. YCTAaHOBKA CKJIaaaiacs 3
MOCJIIIOBHO TOB'SI3aHUX OJWH 3 OJHUM KOMOIHOBaHHMX BY3JIiB: MIY-MIKCED, JTUBAPHUIMA
arperar 3 IPHUBOJOM, POJHKH, 1[0 TATHYTh, HOXKUII JIJISl Pi3aHHS KPOMKHU 1 MOTAJIKH.
[Tpu BUpoOHUUI TOTYKHOCTI | T/TOJ1 HA yCTAHOBII OTPUMYBAJIM 3arOTOBKY 13 UHCTOTO
QIIOMIHIIO TOBIIMHOIO 6,35 MM Ta mmpuHoto 1260 MM 11711 BUpOOHHUIITBA (POJIBTH.

[leBHMi1 mepiof XOPOUIMM TMOMUTOM KOPUCTYBAJIHCS (PPAaHIY3bKl JMBapHI
maruHu Gipmu «Pechsiney-Coguillardy, siki Manu miaBeACHHS P1IKOTO METATY 300KY.
Y 1962 pomi dipmoro «Pechsiney» Oylio 3amaTeHTOBAHO TaK 3BaHUM METOJ
«0e3nepepBHOIO JUTTS AIIOMIHIEBOI cMyTH» [39, 44].

3aranom, 1m0 kiHig 70-x pokiB XX CTONITTA y CBITOBIA aJdrOMiHIEBIN
MIPOMUCIIOBOCT] 3HAMIIIIIM 3aCTOCYBaHHS TPYM OCHOBHUX THIM MAalllH 0€33JMBKOBOI
MPOKATKUA 3 TMIJABEIECHHAM po3iuiaBy 300Ky (dipmu «Pechsiney»), 3 minBeneHHAM
po3muiaBy 3am3y (pipmu «Hunter Engineeringy) 1 3 miiBeIeHHSIM PO3IUIaBy B BAJIKH i
KyToM 60° k Topu3oHTy (pipmu Super Caster). Bei i Tvnu Mamms, roIOBHUM YHHOM,
BUKOPUCTOBYBAJIKCS JIJIi OTPUMAHHS TMPOJYKIIii, III0 BUKOPUCTOBYETHCS B XapUOBIii
MIPOMUCIIOBOCTI (JTUCTOBUM TpokaT, (osibra) ta B OyAiBENbHIN Tramy3i (JUCTOBHIA
npokar). Jlo kiHusg 90-x pokiB XX CTOMITTS KUIbKICTh MAIIMH 13 TMO€IHAHUMHU
MPOIIECAMH JINTTS Ta IPOKATKHU Yy CBITOBIH aTFOMIHI€B1 TPOMUCIIOBOCTI cTaHOBMIIA 160

mT. [39, 44].
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Ak cBimuaTh O0araTopiyHi CBITOBI JOCTIIKEHHS Ta MPaKTUKa BIPOBAKCHHS Y
IIPOMUCIIOBICTh TEXHOJIOT1 Oe3MmepepBHOTO JUTTS METaJeBUX CIUIaBIB HA PYXOMHUUN
KpHUCTaII3aTOp, HAMOLIBII YCIIIIHOK Ta a/IallTOBAHOIO0 3 HUX € TEXHOJOrIYHa cXema
JUTTS y TBOBAJTKOBHUIA KPHUCTAII3ATOP.

Haii611p111 Ba)JIMBUM MPOIIECOM IS BCIX THITIB TEXHOJOTTYHUX CXEM BAJIKOBOI
PO3JIMBKU-TIPOKATKN OY/Ib-SIKUX CIUIaBIB € TBEPAHEHHs (HaMep3aHHs) KIpOK METaly 3
MEPETPITOTO PO3ILIABY Ha MIJITHKAX pOOOUYNX MTOBEPXOHB BOJO0XOJIOKYBAHUX BaJIKIB-
kpuctamzaropiB (puc. 1.5). TBepaHeHHs po3IIaBy BiIOYBa€ThCSI 3 BHCOKOKO
IHTEHCHBHICTIO TEIJIOOOMIHY M1 METaJIOM 1 BAIKOM-KPUCTAJI3aTOPOM, 32 B1ICYTHOCTI
MOBITPSHOTO 3a30py MIX KIPKOIO Ta MOBEPXHEIO0 Bajika Ta O€3MepenIkoIHOI moaadi
IeperpiToro po3miary K GpoHTy kKpucrtamzaiiii. Ile cTBoproe cipusiTIMBI YMOBH IS
OJIEpKaHHSI JINCTOBOI 3arOTOBKH 13 IIIJILHOIO IPIOHOKPUCTANIIYHOIO CTPYKTYpoto [47].

3aneXHO BIJl IIBUAKOCTI PO3JIMBKM Ta 1HTEHCUBHOCTI TEIJIOBIABEJICHHS BiJl
pO3ILIaBy, 0 TBEPHE, 3MIHIOETHCSI TOBIIIMHA HaMEP3JI01 Ha MOBEPXHI BaJKIB KIPKH,
BIJI AKOI 3aJI€KUTh JOBXKHHA 30HU Aedopmallii Ta CTyHiHb OOTHUCKY 3aTBEPALIOro
MeTany. 30UIBIICHHS ITUX ABOX IMapaMeTpiB MOXKE MPU3BOJIUTH JI0 PI3HOTOBIIMHHOCTI
JUTOI 3aroTOBKH, IHTEHCUBHOTO TPWJIMNAHHS MeETady 10 IOBEpPXHI BaJKIB, 0
CIIOTBOPEHHS 1XHBOI F€OMETPII 1, IK HACIIIO0K, IO MOTIPUIEHHS SIKOCTI MOBEPXHI MITa0U
(;mucra). 106 oTpuMaTH JIMCTOBI 3aTOTOBKH 0€3 IIepepaxoBaHUX HEIOMIKIB, HA IYMKY
JeSKUX aBTOPiIB, HEOOXIHO OOMEXHUTH CTYIIHb iX IUIACTUYHOI nedopmauii npu
OOTHMCHEHHI B JBOBAJKOBOMY KPHCTali3aToOpi JO MiHIMAIbHOI BEIMYUHU, TOOTO
MIPOBECTH BAJIKOBY PO3JIMBKY METAJIIB 32 CXEMOIO piaKoi nmpokatku (puc. 1.5, B) [20, 47,
48].

VY  neskux po0OoTax 3 BaJKOBOi PO3JIMBKU-TIPOKATKHA 3a3HAYAETHCS, IO
1HTeHCUBHA (hopMo3MiHAa MeTany (TOOTO BaJIkOBa PO3JMBKA METANIB 3a CXEMOIO
0€33JIMBKOBOI MPOKATKU — pHUC. 1.5, r-€) Mmokpairye MiKpOCTPYKTYpy 3aroToBOK 3a
paxyHOK 3BapKu mip, APOOJICHHS JUTOI CTPYKTYpH Ta YTBOPEHHS HOBHX 3€pEH Yy

pe3yJbTati pekpucTatizaiii. € miaTBepKeH1 MPAKTUKOI Pe3yJbTaTH 11010 JIMCTOBUX
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3aroTOBOK 13 YHCTOTO AJIOMIHIIO Ta MO0 CIJIABIB, 3 SIKUX BUJIHO, 1110 JISl JOCSTHEHHS
ONTUMAIBHHUX 3HAUYEHBb XaPaKTEPUCTHK CTPYKTYP Ta PIBHA MEXaHIYHMX BIACTHBOCTEH
iX HeoOX1THO MiAaTh 00TUCKY Ha piBHI MiHIMyM 10 20...30% [12, 21, 28, 34, 41].

3 HaBeleHUX [aHUX BHIUIMBA€E, IO CTYMiHb AedopMallii MeTaliB II0A0
ONTUMAJIBHUX MapaMEeTPIB iX BAJIKOBOI PO3IMBKU-TIPOKATKH MOXKE PO3TIISAATUCS SIK
IHTerpabHUN MOKa3HUK. PO3yMIHHS BaXXJIMBOCTI JIaHOTO (DAKTOpa € OCHOBHOIO JIHIEIO,
IO MPOXOJUTH uepe3 6arato poOiT 1 MPUCBAYCHUX BUBUYCHHIO MPOLECY OJEp>KaHHS
CMYT 0€3M0CePeIHbO 3 PO3IUIaBY B YCTAHOBKAX 13 JIBOBAJIKOBUM KPHUCTATI3aTOPOM.

Yuctuil antoMiHiil cTaB NepIIUM METAJIOM, Ha SKOMY IEPCIEKTUBHA TEXHOJIOT1s
JIBOBAJIKOBOI PO3JMBKU-MPOKATKU OyJia YCIIIIHO BiANpalbOBaHa Ta BIPOBAHKEHA Y
MPOMUCIIOBY  MPaKTUKy. TeXHIYHO YWUCTUNA  aJIOMIHIM  HHUHI ~ HaWyacTimie
BUKOPUCTOBYETHCS JJI1 BUPOOHULTBAa XapuoBoi (onbru. A ciuiaBu, OJIU3bKI 0
YUCTOrO AQJIFOMIHII0, BHKOPHUCTOBYIOTBCS [UJISl JIMCTOBOI MPOJYKLII Ta JUCTOBUX
npodiTiB y OyIIBHUIITBI Ta THIINX TaTy3sX.

3rimHo 3 maHuMu aBTopiB cTaTTi [49] 3 mouaTky 80-x pokiB XX CTOMTTS Ha
JIBOBAJIKOBHX arperarax Tako>k OCBOEHO PO3JIMBKY-IIPOKATKY TEPMIYHO 3MIITHIOBAaHUX
cruiaBiB anmoMiHiio cucteM Al-Mn 1 Al-Mg cepeanboi mirtHocT. 11 amtoMiHi€Bl criiaBu
MaroTh 1HTepBaJ KpucTtaiizaiii 61u3pko S0°C Ta cnekTp ix 3acToCyBaHHS OOMEKEHU I
XapuoBOIO (BUPOOHUIITBO MOCY 1Y) Ta OyAiBETHHOIO (BUPOOHUIITBO JIUCTA Ta MPOQLITIO)
ramy3sMu.

Ane nns aBTomMoO171€OyayBaHHs, aBialii Ta KOCMIYHOI TEXHIKHM HAMOUTBIITUI
IHTE€pEC CTAHOBJISITH BUCOKOMIITHI TEPMIYHO 3MIIHIOBAHI aTIOMIHIEB] CIIJIABU CHCTEM
Al-Cu-Mg ta Al-Zn-Mg-Cu. OpHak, TeXHOJIOTis BHPOOHMIITBA JHCTIB (IITad) i3
3a3HAYCHUX MaTepiajiB 3a JIOMOMOTO BAaJIKOBOI PO3JMBKHU-TIPOKATKH JIOCI HE ICHYE.
Hacamnepes 11e noB'si3aHO 3 IUPOKKUM IHTEPBAJIOM KpHUCTaJIi3allil CIUIABIB IIUX CUCTEM
(130 + 160°C). Sxmo BpaxyBaTH TOJIOBHY OCOOJIUBICTH I[LOTO METOJY PO3JIUBKU —
BHUCOKY JMHaMIKy TIPOIIECYy, TO OYEBHJIHA CKJIAQJHICTh OJIHOYACHOTO YIPABIIHHS

TaKMMH Ba)XJIMBUMU MapaMeTpaMu TEXHOJIOTI, sIK: TeMIiepaTypa 1 IBUJIKICTh Mojaayi
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pO3IUIaBy, MIBUAKICTH 0O€PTAHHS BaJIKIB 1 TOBIIMHA 3a30py MK HUMH, TEMIIeparTypa i
MIBUIKICTh TOJa4l BOJU, MO OXOJomxye [51, 53, 72, 73]. ¥V 3B's3ky 3 num, ais
PO3POOKU TEXHOJIOT1] BUTOTOBJICHHSI TOHKOT'O MTPOKATY 3 BUCOKOMIIIHUX aTFOMIHIEBUX
CIIaBiB, [0 TEPMIYHO 3MIIHIOIOTHCS, 3 IIUPOKUM 1HTEPBAJIOM KpUCTaTi3allii METOA0M
JIBOBAJIKOBOI PO3JUBKH HEOOXITHWUN alTOPUTM B3a€EMO3B'S3KY IIUX IapamMeTpiB.
Peanizaiiisi Takoro aaropuTMy MOXIJIMBA JUIIE 32 HAIBHOCTI (DI3UKO-MAaTEMATHUYHUX
MoIeNIeld TTOBEAIHKHA PO3IUIaBy METaly, MOYMHAIYH 3 WOTO TM0jadl B MIKBaJTKOBHUU
3a30p, MOJAJIBINOT KprcTaizalli Ta aedopmarrii.

Takum yuHOM, 3 aHaNi3y BHUKJIAJEHOTO MaTepially MOKHAa KOHCTaTyBaTH, IO
pO3pO0Ka KOMIUIEKCA TEXHIYHHMX 1 TEXHOJIOTIYHUX PIIICHb IJsi OTPUMAHHS SKICHOI
JIUCTOBOI METAJOMPOAYKIlI 3 BUCOKOMIITHUX TEPMIYHO 3MIITHIOBAHMX QIFOMIHIEBHUX
crutaBiB (B95 Ta 1H.) cymilmieHMM CHOCOOOM JIMTTS 1 MPOKATKH € aKTyaJIbHHUM Ta
MEPCTICKTUBHUM 3aBJIaHHSM 3 HAYKOBOI Ta MPUKIIATHOI TOYKH 30DY.

VY pesynbTari NpOBEIECHOTO JITEPATYypPHOro aHaiizy Oyj0 BCTAHOBJICHO MeETY
JlaHO1 pOoOOTH, sIKa MOJISTAE Y PO3pOOIIl HAYKOBO-METOANYHUX IM1X0/11B Ta MPAKTUUHUX
pEeKOMEHJAIli II0J0 peamizaiii BaJKOBOi PO3JIMUBKU-TIPOKATKA BUCOKOMIITHUX
ATIOMIHIEBUX CIUTaBIB 3 OTPUMAHHSIM JIMCTOBOTO TIPOKATy 3 TiJABUIICHUMHU
MEXaHIYHUMH BIACTHBOCTIMHU.

J1s1 BUpIIICHHS TIOCTaBJACHOT METH HEOOX1THO BUKOHATH HACTYITHI 3aB/JIaHHA.

— MaTeMaTUYHUM MoAetoBaHHsAM y riporpami ProCAST 3’sicyBaTu 0co0MBOCTI
TEIJI0O-MaCOOOMIHHUX TIPOIIECIB Y BAJIKOBOMY KpHUCTaNI3aToOpi MpPU  PO3JIHUBII
JOCITIJKYBaHUX aJIFOMIHIEBUX CIUIABIB;

— (pi3MYHUM MOJENIOBAaHHAM BCTAHOBUTH OCHOBH1 3aKOHOMIPHOCTI TETUIOOOMIHY
y BaJIKOBOMY KPHCTAJI3aTOP1 3aJIKHO BiJl MapaMeTpiB PO3JIMBAHHS JOCIHIKYBaHUX
aJIOMIHIEBUX CILJIABIB;

— (p13MYHUM MOJICIIIOBAHHSAM IPOLIECIB BAJIKOBOI PO3JTMBKM METAJIEBUX CIUIABIB
Ha TPO30PUX OPTaHIYHUX CEPENOBUINAX BU3HAYUTH TpaHChOpMAIliI0 KpUCTATIIHOL

OyZI0BU JIMUCTOBOI 3arOTOBKM IIPH MEPEXO/I1 13 30HU KPHUCTAJII3allii B 30HY NPOKATKHU;
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— BCTAHOBUTH 3aJIC)KHICTh CTPYKTYPH JIUTHX 3arO0TOBOK BiJl CKJIaIy aTFOMiHI€BUX
CIUIaBIB Ta MIBUAKOCTI iX OXOJIOHKEHHS P PO3JIMBAHHI,

— BCTAHOBHTH 3aKOHOMIPHOCTI B3a€MO3B'SI3KY BIIACTUBOCTEH KiHIIEBOI JINCTOBOT
METaJIOMPOAYKIIIT 3 TOCTIPKYBaHUX ATIOMIHIEBUX CIUIABIB 3 TIEPBUHHOIO CTPYKTYPOIO
JUTHUX 3aTOTOBOK 3 HHX;

— pO3pOOUTH HAYKOBO OOIPYHTOBAHI TEXHOJIOT1YHI Ta TEXHIYHI PIMICHHS IJIs
OTPUMAaHHSI SKICHOT JIMCTOBOI METAIIOMPOAYKII 3 JOCTIPKEHUX aTFOMIHIEBHX CIUIaBIB

CYMiHICHI/IM CITocoOOM JIUTTS Ta IIPOKAaTKH.
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PO3/1 2
MATEPIAJIM TA METOJIM TOCJIITKEHD

2.1. locaimkyBaHi MmaTepiajn Ta 00JJaJHAHHS ISl eKCIIEPUMEHTIB.

st pi3uyHOTrO MOJIENIOBAHHS JTOCIHIJIHE CEPEIOBUILE BUOMPATIOCS BUXOJSYH 3
HacTymHUX MipkyBaHb [93-101]: mposopicth — ansi 3a0e3MeveHHs] Bi3yalbHOCTI
JOCITIKYBAaHUX TMPOIIECIB; HEBHCOKA IIBHUJIKICTh KpHUCTami3allii — i1 TOYHOCTI
3HAuYEHb, 10 (PIKCYIOThCS; TeMiiepaTypa miasieHHs He Buine 100°C — nis 3pydHOCTI
pOOOTH; HETOKCUYHICTD — I 3a0e3meueHHs Oe3Meku Tomo. PeanbHUMU MeTaIeBUMH
MaTtepiajiamu, M0 JOCHIKYBAIUCh, Oyl MIMPOKUNA CIEKTp aJIOMIHIEBHX CIUIaBIB
(AZ135, AMrS 1 B95), axi BIZHOCSTBHCS 10 HAWOLIBIN MOIIMPEHUX MPEICTABHUKIB
nehopMOBaHUX Ta 3MIIHIOBAHUX TEPMIYHOIO 0OpOOKOO aimoMiHieBHX cruiaBiB [102-
104]. XimiuHuii cKaaa JOCTiIKyBaHUX aalOMIHIEBUX CILIABIB HaBeaeHO y Ta0uii 2.1
[104]. ®i3muHi XapakTepUCTUKH Ta TeMIeparypu (a3oBUX MEPETBOPEHb

JOCTIDKYBAaHUX aTIOMIHIEBUX CIIaBIB HaBeaeH1 y Tabmuii 2.2 [102, 103].

Tabmuns 2.1
XiMIYHUHM CKJIa JOCTIIKYBaHUX aTIOMIHIEBUX CILJIaBiB
Cnaas | ITokas- Jleryroui esiemenTu, %
I'OCT | uukn Si Fe Cu Mn Mg Cr Zn

(EN)

B95 | Craun. | 100,5 | n00,5 |1,4-2,010,2-0,6 | 1,8-2,8 |0,1-0,25|5,0-7,0
(7075) | ®axkr 0 0,15 1,7 0,24 2,82 - 6,61
AMr5 | Crang. | 700,5 | 100,5 | no0,1 | 0,3-0,8 | 4,8-5,8 | 0,0-0,25 | mo 0,20
(5056) | ®axr 0,08 0,44 0,07 0,65 4,43 - <0,2
AI35 | Cranpn. | 0,7-1,3 | 100,5 | no0,1 | 0,4-1,0 | 0,6-1,2 | mo 0,35 1m0 0,2
(6082) | daxt 0,82 0,12 0,21 0,75 0,89 0 <0,3
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Tadomurs 2.2
®i3uyHI XapaKTEePUCTHKHU Ta TeMIlepaTypu (ha30BUX MEPETBOPEHB AOCTIIKYBaHUX

ATFOMIHIEBUX CIUIABIB

Cnas
XapaKkTepuCcTUKH A135 AMTIS B9S
linbHicTH, KI/M3 2700 2650 2850
[Turoma TemmaoeMHicTh, Hx/(kr-K) 1180 922 922
TemmonposigHicTh, BT/(M-K) 75 126 128
Temnepartyponposignicts, 10° m/c? 2,35 5,16 4,87
Temneparypa nikBinyc, °C 650 632 630
Temneparypa comiayc, °C 590 568 470
[aTepBan kpucranizarii, °C 60 64 160

3 ypaxyBaHHSIM BHIIE€ HaBEICHHX BUMOT, K CEpEIOBHUINE s (HI3UIHOTO
MOJICJIIOBAHHS TPOIIECIB KpHUCTami3allli BUKOPUCTAHO OPTaHIYHUN CIUIaB KaMQeHy
(90%) 3 TpunukiieHom (10%), a AJ1s1 BUBYEHHS T1APOIMHAMIYHUX MTPOIIECIB — 3BUYAiHA

Bojia (Tabm. 2.3) [93].

[Ipu BuKOHaHHI JaHOI pOOOTH BUKOPHUCTAHO HACTYyIHE 00JIaJHAHHS: YCTAaHOBKA
JIBOBAJIKOBO1 PO3JIMBKY METAIB Ta Pi3HI M€Yl — 1€ OCHOBHE 00JIaIHAHHS; PUJIaJ] IS
nudepeniiansHo-TepMmiunoro anamizy (JITA) Derivatograph Q-1500-D, cniektpomerp
AA320N, pi3ni mikpockonu, mudpoBa ¢GOTo- Ta BIICOTEXHIKA, KOHTAKTHI Ta
OE3KOHTaKTHI MipoMEeTpH, LUTiQpyBajdbHA MalIMHA, YCTAHOBKMU JUIsi BU3HAYCHHS

MEXaHIYHUX BJIACTHBOCTEH TOIIO — IO I[OHOMi}KHe.



58

Taomug 2.3

®i3uyHI XapaKTEPUCTUKHU Ta TeMIlepaTrypu (ha30BUX MEPETBOPEHb MOJIEIBHUX

CEpEIOBHIIL

Mogna. cpena Kamden (90%) + Boaa
TpuukJieH (10%)

XapakTepucTHKH

['yctuna, Kkr/m® 845/815 920/1000

[Turoma TemmioeMHicTh, x/(kr-K) 1180 4200

TemnonpoeigHicTs, BT/(M-K) -/1,85 0,55/0,6

Temneparyponposignicts, 10° m/c? -/14,2-107 13,2:10%/14,3-10°®

Temneparypa nikBinyc, °C 45 0

Temneparypa comiayc, °C 42 0

[aTepBan kpucranizarii, °C 3 0

[IpumiTKa: y 4YMCENBbHUKY — MOKA3HUKH XapaKTEPUCTHK y TBEPIAOMY CTaHi; y

3HAMEHHHUKY — y PIJIKOMY CTaHi.

Ha ycTtaHoBIll [TBOBaJIKOBOi PO3JTMBKH METaliB OTPUMYBAJIU JIUTI JIUCTOBI

3aroTOBKHU TOBIIMHOIO A0 4 MM 3 JOCHIPKYBaHUX AJIFOMIHIEBUX CIUIaBiB. [HayKIliiiHA

niy Inductotherm VIP 125 ¢ uupkonieBum Tturiem emHictio 10 11, raGapuTHOIO

noTyxHicTio 125 kBT BuKopucTOBYBanacs aJis BUILUIABKH ATIOMIHIEBUX CILIABIB.

Mydenpra niu CHOJI-1.6.2.0.0.8/9-M1

TEPMIYHOI 0OPOOKH JOCIITHUX 3Pa3KiB.

BUKOPHUCTOBYBAJIACh JId IIPOBCACHHA

HMudepenuiansauii Tepmiunuil ananiz (ATA) npoBogunu 3 BUKOPUCTAHHAM

Tepmoanaiizatopa «DuPont-990» 3 6azoBum monynem ITA-1600 B armocdepi aprony
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JUIs. BU3HauYeHHs (AKTUYHUX Temmeparyp (a3oBUX TMEepeTBOPEHb CIUIABIB, IO
BUBYaIOThCA. OntuyHi Mikpockornu Ty MIM-8M 1 MIM-10 BukopucToBYBanmucs IJIst
MeTaorpadgpiyHuX JOCHTIKEHb 3pa3KiB 3 aTIOMIHIEBUX CIUIaBIB, III0 BUBYAIOTHCS, TIPH
30uIbIIeHHAX 10 600 kpaT. MIKpOpEeHTIeHOCHEKTPaIIbHUN aHalli3 MPOBOIIINA 32
JIOTIOMOTOI0 €JIEKTPOHHUX pacTpoBuX MikpockomiB JSM-6360 ta PEM 106.

doto Ta Bimeodikcalis TOCTIKYBAaHUX IPOIECIB, CTPYKTYp 3pa3KiB TOIIO
3MIIMCHIOBAJTH 32 IOTIOMOTOI0 Cy4acHO1 U(PPOBOT TEXHIKHU. 3a IOMTOMOTOI0 KOHTAKTHUX
Ta 0E3KOHTAKTHUX MIPOMETPIB 3A1MCHIOBAIM KOHTPOJb PIJIKOTO METally 1 TMOBEpPXHi
JIMCTOBO1 3ar0TOBKH, 10 BiyiuBaeThes. LlInigyBanbHa mammHa 3acTocoByBanacs st
MITOTOBKA 3pa3KiB MI0JA0 MeTalorpagiuyHuX JOCHIKEHb, a YCTAHOBKU JIJIst
MEXaHIYHUX BUMPOOYBaHb — JIJISi BU3HAYEHHS iX (PI3UKO-MEXaHIYHUX BIACTHUBOCTEH.
BMICT XIMIYHHX €JIEMEHTIB Y 3pa3Kax BU3HAYaIN 3 BUKOPUCTAHHSAM CIIEKTPAIBLHOTO Ta

XIMIYHOT'O METO/IIB.

2.2. dDizuyHe MOJeJIOBAHHS PpeajJbHUX MeTAJYPriliHMX mpoleciB Ta
BU3HAYEHHS MaclITA0iB MOJeTIOBAHHSA.

CydacHi MeTanypriiiHi 00'eKTH He 3aBXIW 3pY4HI IS MPOBEJACHHS HATYPHHUX
JOCTIKeHb, TOMY IIMPOKE MOIIMPEHHS OTPUMAId HENpsiMi METOAU BUBYCHHS Y
nabopatopHux ymoBax. Jlns CTBOpEeHHS HOBHUX Ta BJIOCKOHAQJIEHHS JIIOYUX
METaTyprifiHuX TEXHOJOTIH, MOB'SI3aHUX 3 PO3JIMBKOIO Ta MPOKATKOIO METaNIB Ta iX
CIUTIaBiB, HEOOXITHO BUBUYATH MPOIIECH, SAKI MTPOTIKAIOTH 32 AyKE BUCOKHUX TEMITEpaTyp
00'€KTIB JOCTIDKCHHS, € HEMpPO30pPHUMH Ta 1HOMI MPOXOASITh B arpeCUBHOMY
cepenoBunli. Tomy Oe3nocepeHe BUBUCHHS TaKUX MPOIECIB  HAA3BUYANHO
YCKJIaJHEHE, y 3B'A3Ky 3 YUM IIUPOKO BUKOPHUCTOBYIOTHCSI METOAU (HI3HUHOTO
MO/ICITFOBaHHS HAaTypHUX 00'exTiB [93-105].

[Ipu ¢i3uuHOMYy MOAENIOBaHHI Oylb-SIKOTO $IBHINA HEOOX1HO BPaxOBYBATH
pO3pi3HEHY MHOXKHUHY (haKTOPiB, 0 BIUIMBAIOTh HA HHOTO, Y BUTJISAAI X KOMOIHAIIIMI

(6e3po3MipHUX KOMIUIEKCIB), 3BaHUX KpUTEpissMH ab0 dYucCIaMU TMOIAIOHOCTI.
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Komrmnieken, B SIKUX MPUCYTHI JIMIIE TOCTIMHI BEIMYMHU, HA3UBAIOTHCS KPUTEPISIMU
no1iI0HOCTI. SIKIIO y CTPYKTYpl KOMIUIEKCY MPHUCYTHI TaKOX 3MIHHI BETUYMHHU (Yac,
IIBUJIKICTb, THCK TOIIIO. ), TOJIl BOHU Ha3WBaIOThCS YMCIaMu ToaioHoCTi [93, 97, 98].

SIKicTh METamyprifHUX 3arOTOBOK, 1110 (POPMYIOTHCS, BU3HAYAETHCS XapaKTEPOM
1 IHTEHCUBHICTIO MPOIIECIB, 110 CYMPOBOIXKYIOTH Iie sBHIIe. L{i mporecu onucyroThCs
pI3HUMHU (PI3UMYHUMHU 3aKOHAMH Ta iX MOXHa KJIacU(piKyBaTH 3a NIEBHUMU O3HAKaMH,
HANpPUKIIAJ, TPOLECH TIAPOJMHAMIKM PIIKOTO METaly, TEIJIONPOBIAHOCTI, TEMJIO-
MacooOMiHy, KpucTam3aiii Tomo. KoxkHoMy mpoIiecy BIJNOBiAa€e MeBHA KUIBKICTh
KpUTEPIiB MOMIOHOCTI, 1JIGHTUYHICTh SKUX HEOOXITHO 3a0e3MeUuTH NpU TXHHBOMY
¢bizmanomy mMoaenroBanui [93, 94, 97-101, 105].

Teopis moaIOHOCTI BU3HAYAE O3HAKU HASIBHOCTI 17IEHTUYHOCTI M1’ OPUTTHAJIOM 1
MOJIEJTIO, TTO3HAYAa€E MEXK1, Y SKUX MOMIMPEHHS JaHUX MOJCIIOBAHHS HAa aHAJIOTTYHI
peanbHi O0'€KTH MOXKE BBa)KaTUCA KOPEKTHMM. BiAmoBiAHO A0 Teopii MOAIOHOCTI
IIEHTUYHICTh M1 HATYpHUM O0'€KTOM Ta HOT0o MOJEIUIIO OyJie JOTPUMYBATHUCS TIPH
3a0e3MeueHH1 eeomempuunoi ma gizuynoi ix nogoou [97, 98].

I'eomempuuno noniOHUMH BBAXAIOTHCS (P13MUHI CUCTEMH, MK BU3HAYATbHUMU
po3MipaMu SIKAX ICHYE TOCTiHHE CIIBBIJHOIICHHS Ta BCl MPOCTOPOBI KOOPAUHATH
HATypHOTo 00'eKTa MPONOPLIKHI BIAMOBIIHUM KOOPAUHATAM MOJETI:

|
— =M = const
: (2.1)
ne M, - niHiitHuN MaciTao, 1Mo MoKa3ye y CKIJIbKU pa3iB BU3HAYAIBHUM PO3MIp MOJEI
(I,,) 3MeHIIEHN# Y TIOPIBHSAHHI 3 po3MipoM HaTypHOTO 00'ekTa (1,,).

@isuyna NONIOHICTb CUCTEM O3HAyae, M0 OAHOPIIHI MapaMeTpu HATYpPHOTrO
o0'ekTa 1 MOIEI y TOAIOHMX TOYKAX TOBUHHI OyTH MPOMOPIIiifHI, TOOTO BC1 BUKOCTI,
MPUCKOPEHHS, CHJTH, THCKI, TEMIIEPATYPH TOIIO B TAKUX TOYKAX CHCTEM ITOBUHHI MaTH

MOCTIMHE CITIBBIIHOIIICHHS.
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VY npakTuill 1a00paTOpHUX TOCHIIKEHb PI3HUX PEANbHUX SIBUIL 3aCTOCOBYIOTh
Taki NMPUHIUNH (PI3UYHOTO MOJETIOBAHHA: 3 TMOBHOIO, HEMOBHOIO, HAOJIMKEHOIO Ta
JOKAIBHOIO MOAi0HICTIO [93].

[ToBHOIO TOMIOHICTIO BBAXKAETHCSA MOJECIIOBAHHS, KOJU 3a0€3MeUyeThes
NOJ1IOHICTh BCIX MPOILIECIB, IO CYMPOBOKYIOTH SIBUIIE, 1[0 BUBYAETHCS.

[Ipy HemoBHIN MOAIOHOCTI MOJEIIOBaHHS, MOAIOHICTh JTOTPUMYETHCS JICSIKUX
NPUHILIUIIOBUX TMPOLECIB, SKi, TOJOBHMM YHHOM, 1 BH3HAYalOTh Mepedir
JOCITIJIKYBAHOTO SIBUIIA.

HabnmxeHoro no1i0HICTIO BBAKAETHCS MOJIETIOBAHHS, KOJIM I0JJ0 KOHKPETHOTO
G13UYHOTO  sIBUINA JIESIKI  MPOIECHU, W0 CYNPOBOKYIOTh HOro, B3araji He
O3S IAI0ThHCS, BpPaXOBYIOUH HAIBHICTh MEX HUKHBOT 1 BEpXHBOI aBTOMO/ICIIbHOCTEH.
Hanpuknan, nmpu BHBYEHHI MpOLECiB KpHUcTam3amli Ta (OpMyBaHHS CTPYKTypH
METalliB BUXOJATH 3 TOTO, IIO JOTPMMAHHS T€OMETPUYHOTO Ta TEMIIEPaTypHOTO
MacmTabiB  (Gi3MYHOTO MOJICTIOBAHHS aBTOMATHYHO 3a0e3nevyye 1JCHTHUYHICTD
TIAPOAMHAMIKH PO3IUIaBy, IO TBEPJIHE.

VY Bumagkax, KoJIM HE MOXKHA JOCSATTH 3aJ0BUIBHOI TOYHOCTI (DI3MUHOIO
MOJIEJIIOBAaHHS SIKOrOCh 00'€KTa 3arajaoM, JOLIbHO 3aCTOCOBYBAaTH METOJ JIOKAJIbHOI
noaiOHocTi. IIpu nokasTbHOMY MOJENIOBaHHI YMOBHM TNOJIOHOCTI AOTPUMYIOTHCS Ha
MEBHIM NUISHIN JOCTIKYBAaHOTO 00'ekTa. BHBUaouM MOCTIAOBHO OKpeMi IIISHKH,
BJIA€THCS CKJIACTU KapTUHY POOOTH BChOTO 00'€KTA, 110 AOCIIKYETHCS, B LILIOMY.

Jlnst  3a0esneueHHs  (i3uyHOT TOAIOHOCTI HATypHOTO 00'ekTa (SBHINA)
nmabopaTopHOi MOJel HEeOOX1THO 3HATH I BCIX BH3HAUCHHUX MPU I[bOMY BEIUYUH
nepexiiHi Koe(ilieHTH, $KI Ha3UBAIOTBCS Macuimadamu mooentosanus. MeToro
(GI3UYHOTO MOJENIOBaHHS Yy Miil poOoTi Oyj0 BUBYEHHS MpoOIeciB (popmMyBaHHS
JUCTOBUX 3aroTOBOK TPHU BaJIKOBIM pO3NMMBLI-NPOKATII METAJEBUX CILIABIB.
HaiiBaxxIMBIIIUM MapaMeTpoM (KUK 3MIHIOETBCS B 4Yaci) mpu OpMyBaHHI JTUCTOBOT
3aroTOBKH € TOBIIIMHA KIPKH, 1110 TBEPHE HA MOBEPXH1 BAJIKiB-KpUCTAIi3aToOPiB (&), AKa

MOKe OyTH BUpaKeHa K (QYHKLIS 13 CYKYIMHOCTI IHIIUX BeauuuH [105]:
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E=f(a,At, L4, C p, Qo1 S), (2.2)
Je o — KoedilieHT TeIIoBiAgadi po3IuiaBy MeTany; At — mepemaa TeMmeparypu y
po3miasi Metainy; | — xapakrepauii po3mip; A — koedimient tertonposinnocti; C, p, O,
— MIATOMA TETUIOEMHICTD, ITIIBHICT Ta TEIJIOTA IUIABJICHHS CIIaBYy METAly; T — 4ac; S
— TUTOIIA TIOBEPXHI TETUIOB1IBEICHHSI.

Ski0 BUpa3UTH BC1 BEIMYMHU, BIJ SIKMX 3QJICKUTh TOBIIMHA KIPKH METaly, Y

BUTJIAJII KPUTEPIiB MOAI0HOCTI, TO 3aJIEKHICTD (2.2) MaTUMe TaKUi BUTIIA:

0 = f(Bi, Pr, Fo, Eu, Fr, Ho, Gr), (2.3)
ne 0 = &/ — 6e3po3mMipHa TOBIIMHA KipkH; Bi — kputepiit bio; Pr — kpurepiii [Ipanaris;
Fo — kpurepiit @ypoe; EU — kputepiii Eitnepa; Fr — kputepiit ®pyaa; HO — kpurepiit
roMoxpoHHocTi; Gr — kpurepiii Ipacroda.

3 ypaxyBaHHSM BHKJIQJEHOIO, BUXOJA4YM 3 JOBUILHO OOpaHOro JIHIHHOIO
(reometrpuuHoro) macmrady (dhopmyna 2.1), po3paxoBylOTh MacmITabW MOAIOHOCTI
IHIIUX (HAMBaXJIMBIIINX) TMPOIIECIB, SKI CYMPOBOJKYIOTh TBEPIHEHHS METaJICBUX
criasiB. [Ipu iboMy HEOOX1AHO 3a0€3MEeUUTH PIBHICTH BIAMOBIIHOTO I[LOMY MPOLECY
KpuTepito nmoaionocti [93].

Macmtad no1iOHOCTI MBUIKOCTEH BU3HAYAETHCS 32 YMOBHU PIBHOCTI KPUTEPIIO

®pyaa nas HaTypy Ta MOJEIIIL:

Frgl I
no_ n_ M |
Frgl , \/: \/_ (24)

MacmTtab mnomobu wacy M, — 3 yMOBHM 1IeHTUYHOCTI KpuTepito HO
TOMOXPOHHOCTI:
Mrzi:I”U“WZMIZ MI = ’MI
T,u IMUH M v \ M | (2.5)

Maciitad moaiOHOCTI BUTpaT — 3 YMOBU HEPO3PUBHOCTI MOTOKY PO3IUIABY

metany O = vS (v — WBUAKICTH MOTOKY; S — IUIOIA MONEPEYHOTO MePePi3y MOTOKY):

S
Mo = o= e = b,
M U,H M (2.6)
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Macmtad nepenaay TemiepaTyp BHU3HAYa€TbCs 3 MOJA00U TeMIlepaTypHHUX

nepenajiB y HaTypl Ta MOJIENI:
o ta o (2.7)

ne t, — Temmeparypa ImikBigycy Merany; t, — TeMIepaTypa OXOIOIKEHHS MeTany; t, —
TeMIlepaTypa JKBiZyCy MOJEIBHOTO CepeloBHIIa; t, — TemIeparypa OXOJOKEHHS
MOJICITEHOTO CEPEIOBHIIIA.

Macitad moaioHOCTI 1IHTEHCHBHOCTI TEIUIOBiAIadl — 3a YMOBHU 1JIGHTUYHOCTI
CIIBBITHOIIIEHHS KOC(IIIEHTIB TEIUIOB1I/Iaul HATYPH Ta MOJCITI:

M, = o./0,. (2.8)

Macmtad mogiOHOCTI TEIJIOBUX ITOTOKIB MOXXHA BHU3HAYUTH SK JOOYTOK
MacIITadiB mo1o0u TeroBiaadi (M,) Ta nepenanay Temmepatyp (Ma,):

Mg = M, - M, (2.9)

Cmin 3a3HayuTH, 110 HABEJCHI BUINE PIBHSHHS JJII BU3HAYEHHS MacIITabiB
(G13UYHOTO MOJIEIIOBAaHHS MAalOTh MEX1 3aCTOCOBHOCTI 1 MIAJISITalOTh OOOB'S3KOBIii
nepeBipili  iX aJeKBATHOCTI, Ky MOXHA TPOBECTH, HAMNPUKIAA, 3BOPOTHUM

PO3paxyHKOM MacIITadiB 3 JiH040ro 00'eKTa.

2.3. Meroauka ¢i3u4HOro Mo/eJTIOBAHHS TENJOOOMIHHHUX MpoleciB Mixk
METAJIOM Ta BAJIKOM-KPHUCTATII3aTOPOM.

[TpuHIIUTIOBO BaXXIIUBY poJib y (DOPMYBaHHI JIMCTOBOI 3aTOTOBKH MPHU BAJIKOBIN
pPO3JMBIII METaJliB BiJirpa€ IHTCHCHUBHICTh TEIUIOBIABEACHHS y BaJIKOBOMY
kpuctanizaropi. KpiM 1poro, iH-TEHCUBHICTIO TEMJIOOOMIHHUX MPOIIECIB Y BaJIKOBOMY
KpUCTAII3aTOpl BHU3HAYAETHCS JIiHIMHA IMIBUAKICTH PO3JUBKU MeETaliB (TOOTO
MPOAYKTUBHICTB MPOIIECy 3arajioM). ToMy Jist TOCTiKEHHS TETIO0OMIHHHUX MPOLIECIB
MDK METajoM, 0 TBEPJHE, 1 BAJIKOM-KpHUCTalizaTopoM Oysa po3pobiieHa BiAMOBIIHA
MeToauKa. J[s 11boro OyJio CTBOPEHO €KCIIEPUMEHTAIbHY YCTaHOBKY, MPEACTABICHY

Ha puc. 2.1.
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Puc. 2.1 — Cxema naGopaTopHOi yCTaHOBKHM JJisi BUBYCHHS TEIUIOBIIadl 3

MOBEPXHI BTYJIKM KpUCTai3aTopa 0 BOAM, 1110 OXOJOIKYE.

VYcraHoBKa CKIIamaeThCcsl 13 pe3epByapy 3 MipHoio Imkaiowo (1), 3 skoro
OXOJIOJKYBAJIbHUI TEIUIOHOCIM (BOJa) 3a JOMOMOTOK Hacoca 3 PEeryibOBaHOIO
MIPOYKTUBHICTIO (2) uepe3 ButpaTomip (3) momaBaBcs A0 Balka-KpucTaiizaTopa (4),
SKUWA BHUIOTOBIICHUW Yy TE€OMETpUYHOMY Maciutabl 1:4 10 peanbHOro Bajka-
KpHUCTaizaropa JadopaTOpHOi ycTaHOBKW. Jlyig imiTamii MiABEAEHHS TEIUla Bij
pO3IUIaBy MeTaly [0 BajJKa-KpUCTali3aTopa Ha MOro MoBepXHIO OyB HaMOTaHHM
rayukuil enextpuunuii TEH (5). Perymioroun Hanmpyry >KUBJIEHHS €IE€KTPUYHOTO
TEHy, Temnepatypy moBepxHi Bajka HarpiBaimu 0 660°C BUTpUMYBaM HA IbOMY
PIBHI MPOTSITOM yChOI'O €KCHEPUMEHTY (BIANOBIAAIOTH PEAIbHUM TEMIIEpaTypaM Mpu
BAJIKOBIM PO3JIMBII aTIOMIHIEBUX CIIaBiB). OXOJ0/KyBaJlbHA BOJIA 3 BIABEJAECHUM Yy
BaJIKy-KPUCTAII3aTOPpi TEIUIOM T0/IaBajiacs Ha3ad B pe3epByap 1 3a TAKUM KOHTYPOM
HUPKYJIIOBaja MPOTATOM YChOTO ekcrnepuMeHTy. IIIBUAKICTH pyXy TEIUIOHOCIS B

3aKpUTHX KaHallaX BaJlka-KpucTamizaTopa (6) peryiatoBaiach B HIMPOKUX MeEkKax,
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3MIHIOIOUHM 00'eMHY Tofady LIEHTPOODKHOrOo Hacoca. SIKIo BUTpaTa BOJIU B
peryJibOBaHUX B €KCIEPUMEHTaX MEXKaxX MEepPEeBECTH B IIBHJKICTh ii pyxXy B KaHai
KpHUCTali3aTopa, BUXoAsaTh 3HaueHus Big 0,2 M/c 10 10,0 m/c (1l MBUAKOCTI pyXy BOIH
B MOJIEJl BIAMOBIJAIOTh 3HAYCHHSIM IIBUAKOCTEH PYXYy OXOJIOMKYBAJIbHOI BOJAU B
peaNbHUX KpUCTAJi3aToOpax).

Temneparypa nmoBepxHi BaJIka-KpUCTaIi3aToOpa KOHTPOIIOBAJIACA TEpMOIIapaMu
(7), a KOHTpOJIb TeMIepaTypu BOAM Yy pe3epByapi — aBoma Tepmomapamu (8),
BCTAHOBJICHUMH Ha PI3HUX PIBHIX 3a MOT0 BUCOTOIO (Y pO3paxyHKax 3aCTOCOBYBAJIH
CEpe/IHE 3HAUYCHHS MK [IUMHU JJBOMA 3HAUYCHHSIMH ).

Bigomo, mo B 1mijomMy TEmI00OMIHHI MPOLIECH MIDX PIIKUM METaJioM Ta
KPHUCTAII3aTOPOM 3aJI€KaTh BiJl TEOMETPUYHUX, (DI3UYHUX Ta TIPOJTUHAMIYHUX YMOB,
3a sikuX BOHM TpoTikaioTh [106-110]. CTOCOBHO BajdKOBOi PO3JIMBKU METaliB
JIMITYIOYUMH ~ CTaAisIMM  TOpOLECY  TEIUIOOOMIHY €  TEpPEHECEHHd  Tera
TEIJIONPOBITHICTIO Yepe3 CTIHKK OaHJaXiB BaJIKiB-KpUCTAI3aTOPIB 1 Iepeiaya Teria
B1J1 0aHJIaXK1B 10 0XOJIOAKYBaJIbHOT BOH.

[HTEeHCUBHICTD TEIUIONEpeAayl Yepe3 CTIHKK OaH1aX1B BaJIKiB-KPUCTATI3aTOPIB
BU3HAYAETHCS (DI3SUMHUMH BIACTUBOCTSIMHU Marepiaiy, 3 SKOTO BOHU BHUT'OTOBIICHI
(ToOTO 3anexaTh JUIIE BiJ TOBIIUHM CTIHKM OaHIaXIB Ta Koe(ilieHTa iXHbOI
TEIUTIONPOBITHOCTI). BiAmoBigHO, €IMHOO CTafi€r0, HA SIKIM MOYKHA CYTTEBO BILJIMBATH
Ha TPOIIECH TEIIOOOMIHY IIpHU O€33JIMBKOBIM MPOKATIII METAIB € TeIionepeaaya Bij
MOBEpXHI OaHMaXiB BaJIKIB-KPUCTAII3aTOPIB [0 OXOJIOHKYBAJIBHOI BOIU. Y IIUX
JOCITIJKEHHSAX SK 1HCTPYMEHTH, 32 JOTIOMOTOI0 SKUX BIUIMBAJIM HA TEIUJIOBIANAuy 3
BHYTPIIIHIX MOBEPXOHb OaHAAXIB BAJIKIB-KPUCTANI3aTOPIB /10 BOJM, BUKOPHCTAaHI
HacTynHi npuiiomu [111-116]: migBUIEHHS BUAKOCTI PyXy TEIJIOHOCIS (BOIM)
B3/I0BJK BHYTPIIIHBOI MOBEPXHI OaH1aXKy; 301IbIIEHHS IO TeTIOBIIBEICHHS BaJIKa
IUISIXOM HaHECEHHS Ha Hil M03710BXKHIX pedep (puc. 2.2, a); HAHECEHHSI IOPCTKOCTI Ha
BHYTPIIIHIX TMOBEPXHAX OaHIAXIB BaJKIB JUIsl PyWHYBAaHHS JIAMIHAPHOTO XapakTepy

PYXy OPUCTIHKOBOTO IIAPy OXOJOMXKYBaJIbHOI Boau (puc. 2.2, 0).
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Puc. 2.2 — CtpykTypa BHYTPIIIHBOT TOBEPXHI 0aHaXy BaJIKa-KpUCTaII3aTopa,
10 KOHTAKTY€ 3 0XO0JIO/KYBAJILHOIO BOJIOIO: a — OaHaX 3 MO3/I0BXKHIMU pedbpamu; 6 —

OaHAaX 3 MONEPEYHOIO MIOPCTKICTIO

VY naHuX ekcnepuMeHTaxX MO3J0BXKHI peOpa Ha BHYTpILIHINA MOBEPXHI BajKa-
Kpucrtaiizatopa BucoToro (N) 2 MM i BiJicTaHHIO MiX HUMH 5 MM 3a0e3nedyBayu
30UTBIIIEHHS TUTOMI TerioooMiny Ha 50%. Imes mTydHO! MIOPCTKOCTI HA TOBEPXHI
TEIJI0O00MIHY BajKa-KpucTaiizaropa (y HalIOMy BHUIAIKy — TONEpPEYHI BUCTYIHU
BUCOTOIO h = 1 MM Ta BificTaHSIMM MK BHUCTyNamMu S = 13 MM) mojsirae y 3miHi
XapakTepy pyxXy OXOJIOAKYBaJIbHOI BOJM, NPUPOJHHUM HACHIAKOM SKOro Oyjae
MIJBUIICHHS KOoe]illi€eHTa TeTUIOB1Aaui (o) Bl HET.

ExkcriepyumeHnTH pOoBOAWIIM HACTYITHUM YHHOM: BKiItouaroun TEH B enekrtpruuny
MEpEeXY 3 BIANOBIJHOIO HAMNPYrol >KUBJICHHS, HArpiBaJid 30BHILIHIO MOBEPXHIO
Oanmaxy Banka 1o temrepatypu 660+10°C (3anexHo Bij] TUITY QTFOMIHIEBOTO CIUIABY);
3a JOTMOMOTOI0 IUPKYJSLIHHOTO Hacoca y BHYTPIIIHIO MOPOXKHUHY BajiKa IMOAaBallid
OXOJIOJDKYBaJIbHY piIMHY (BOAY); 3a NPOAYKTHBHICTIO Hacoca pPO3paxoBYBaIH
HIBUJKICTB PyXY BOAM y 3aKPUTHX KaHaJIaX BaJKa-KPUCTai3aTOpa; BOLY, 1[0 BUXOIUTh

3 BaJlka, HAMpaBJsUIM Ha3aa B 0adyoK 3 BOJOIO; Yepe3 IMEBHI MPOMIKKU 4Yacy, sKi
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BU3HAYAIM Yy TPHB'SA3II O MIBUIKOCTI pyXy BOJAM B KaHaNax Bajka, TePMOIapH
dbikcyBany cepeiHIO TeMIIepaTypy BOAU B 6aKy; 3a BIJOMUM OOCATOM 1 TEIIIOEMHICTIO
BOJIM, a TaKOX 3a(iKCOBAaHOMY IMiBUIIICHHIO 11 TeMIiepaTypu B 0aKky po3paxoByBaln
napamMeTpu TETUIO0OOMIHY y BalIKy-KpucTaiizaTopi (KoedimieHT TeruioBimmadi BOAM,
KUTBKICTh TEIUIA, IO BIABOAUTHCS BOJOI0). Y TakKiil MOCHIOBHOCTI €KCTICPUMEHTH
MIPOBOJIMIIM 1 JISl BapiaHTIB, KOJIM Ha MPOIECH TEIIOOOMIHY y BaJIKy-KpHUCTaIi3aTopi

BITUBAJIM 32 JJOTIOMOTOO OIMCAHUX BHUIIE MPUIOMIB.

2.4. MeToauka (pi3M4HOTr0 MOJeTIOBAHHS NpoueciB GopMyBaHHS JTUCTOBOL
3ar0TOBKHM IPH BAJIKOBI PO3JIMBLI MeTaJIeBUX CILIABIB.

[Ipy mpoBeneHHI JaHUX JOCIIKEHb 3aCTOCOBAHO METOJl JIOKAJIbHOIO
MOJICJIFOBaHHS, 33 JOMOMOIOI0 SKOT'O LI IPOLECH BUBYEHI B MOMEPEYHOMY Iepepisl
OCbOBOI TUIONIMHHU BaJIKIB-KpUCTai3aropiB. s nporo Oyslno BUTOTOBJIEHO IUIOCKY
G13U4Hy MOJIENIb BAJIKOBOT'O KpHUCTaji3aropa 3 MPO30pUMHU OIYHMMH TpaHsiMu (puc.
2.3), BUTOTOBJICHHI Y T€OMETPUYHOMY MacmTadi 1:4 10 peasbHOrO KpUCTallizaTopa
nabopatopHoi ycTaHOBKH. OCOOIMBICTIO MOjeN OyJio Te, 10 BOHA Maja HEBEIUKY
ToBITMHY (10 MM) 1 103BOJIsAIA Bi3yaJIbHO CTIOCTEpIraT Ta (HIKCyBaTH 3apOKEHHSI Ta
3pOCTaHHS KIPKM TBEpAOi (pa3u Ha MOBEPXHSX BAIKIB. SIK MOJAENIOBaIbHY PEYOBUHY
BUKOPUCTOBYBaIM opradiunuii cruiaB kampeny (90%) 3 tpunukieHom (10%) 3
iHTepBanoM kpucramizauii 3°C (45+42°C).

JIJisi BCTaHOBJIGHHSI 3aJIEKHOCTI Tipoiiecy (opMyBaHHS KIpOK Ha BaJiKax-
KpHUCTaIi3aTopax BiJl TEMIIEPATyPHUX PEKUMIB PO3JIMBKY CIUIaBY KaM(peHa TIPOBOIUIH
32 HACTYIHUX TEIUIO(p13UYHUX YMOB:

a) po3ruiaB KaM(eHa 3aIMBaK y MOJIENb IPU TeMIIepaTypax Horo neperpiBy Aty
= 2,4 u 6°C, mo 3rigHo 3 macmradboMm (izuuHoro MojentoBaHHs (dopmyna 2.7)
BIJINIOBIJIA€ MEPErpiBYy, HAIPUKIA, JJIs altoMiHieBoro cruiaBy B9S Ha piBHI Atzes = 30,

601 90°C;
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0) OXOJO/KEHHS  BaJKIB-KPUCTAII3aTOPIB  3AIMCHIOBAIM  IUPKYJIALIEIO
TEIUIOHOCIST (OXOJIOMKYIOUOi BOJAM) dYepe3 iXHIO BHYTPIIIHIO TMOPOXKHUHY TMpH
temneparypax t,., =35, 20 ta 35°C.

i 3 5— 10

By )

|
|
105

L/ 2/ \2 \U 4] \a

Puc. 2.3 — ®i3uyHa Mojens AJis BUBUEHHS mpouecy (GopMyBaHHS KIPOK Ha
MOBEPXHAX BaJIKIB-KPUCTANII3aTOPIB: 1 — BaTIKU-KpUCTAI3aTOPH; 2 — 3aTBEP/IlJIa KipKa,
3 — pO3IUTaB MOJEIHHOTO CEePEIOBHINA; 4 — MPO30pi OIUHI TpaHi; 5 — TETUIOHOCIH JIsI

OXOJIO/DKCHHS BaJIKIB-KPHUCTAIII3aTOPIB

ExcniepyuMeHTH TpOBOAMIIM B HACTYIHIA MOCIIJOBHOCTI: PO3IUIaB Kam(eHy
3aMBalid B MOJIENb npu Temneparypax t, = 47, 49 1 51°C, mo BinoBigae neperpiBy
At, =2,4 1a 6°C; 3 MOMEHTY 3QJIUBKH JI0 3aKIHYCHHS €KCIIEPUMEHTY BeJIacs BiJ1€03aInC
npolecy, a uepes kKoxHi 30 cek. 3a1icHIoBaNI POTO3MOMKY 1 (piKCyBajIu TeMIEparypy
po3IIaBy, M0 TBEPAHE, B TOYIll MIHIMAJIbHOI BIJICTAHI MK MOBEPXHSIMHU BAJIKIB (3a
JIOTIOMOTOI0 TEPMOIIapH, PO3TAIIOBAHOTO B I TOYIl); B 3aJIEXKHOCTI BIJ yMOB
EKCIIEPUMEHTY 3a TIOKa3aHHSIMH TEPMOJIaTYMKa Ta BI3yaJbHO BHU3HAYAIA Yac

CTUKYBaHHS 3yCTPIYHUX (PPOHTIB HA BaJIKaX.

2.5. Meroanka MaTeMAaTHYHOIO MO/EJIOBAHHS TEIUIO- MAacOOOMiHHUX
NMPOoLECiB NPU BAJKOBOI PO3JIMBILI JOCTITHUX AJTIOMIHIEBUX CILJIABIB.

[Teprmmm KpOKOM /171 MATEMATUIHOTO MOJICITIOBAHHS € TO0Y/I0BA T€OMETPUYHOT
mozeni (CAD) ycTaHOBKH JBOBAJIKOBOT PO3JIUBKU-TTPOKATKH, /1€ BKA3YIOTHCS PO3MIpH

YCTAHOBKH Ta JIUCTA, KU OyJie npokatanuii (puc. 2.4).
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Hactynaum kpokom € moOyjoBa JABOMIPHOI CITKHM MPOIIECY, sika OymyeThCs
meToqoM KiHieBux eneMeHTiB (Metoq KE). [ToOynoBana citka BijoOpaskae HampsMOK
PYXY PiIKOTO METally Ta YaCTUHH 3aTBEP/ILJI0il JIUCTOBOI 3aTOTOBKHU. (pucC. 2.5).

TperiM KpokoM Ticisi MOOYAOBHU CITKM € BBEACHHSA JaHUX MPO CIJIaBH, IO

PO3JIMBAIOTHCS, 1 PO MaTepia BaJKiB (TOOTO iX XiMiUHI CKJIa/N).

-

(e

Puc. 2.4 — Mogenb ekcriepuMeHTalnbHOI ycTaHOBKH y Tiporpami ProCAST:
1 — BepxHili BAJIOK; 2 — HWKHIM BaJIOK; 3 — pIIKKH MeTaJl, 0 PO3JIUBAETHCS;

4 — nucToBa 3arOTOBKA
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Puc. 2.5 — ®parMeHT, ae npoXoauTh OCHOBHUN MPOLEC PO3TUBKU-IIPOKATKU

[Ticns mpoBeneHHsT MepepaxoBaHUX BUIIE A, HEOOXITHO MIATOTYBaTH OMUCHU
YMOB TEIJIOOOMIHHHUX 1 T1APOAMHAMIYHHUX MPOIECIB B aHAII30BAHOMY BY3JI1 YCTaHOBKH
1 BBEJICHHS JTaHUX B MaTEMaTUIHY MOJieib. [Ipu MaTeMaTnaHOMY MOJIeTIOBaHHI OYJ10
OPUIHATO, 10 Y JIBOBAJKOBOMY KpPHCTali3aTOpl Ma€ MICIIE TPU OCHOBHI TpoOLECU
TEIUIOB1IBEICHHS: TIOBITPSHE, aJla0aTUYHE Ta BOJSHE OXOJIOKEHHS.

BianosinHo no iHcTpykuii 113, 115 yMOB po3paxyHKy TiIpoJuHaMIYHOI 3a/1a4i B
3D mozaeni npuiiMaroThCs TaKi MPUITYIICHHS:

— YMoBa MacoBoi BuTpatu Inlet — macoBa BUTpaTa piKoro MeTany Ha AUISHI
BUIBHOI IMOBEPXHI, IO BIAMOBiAa€E (PaKTHUHOMY MICIIO MiABEICHHS PIJKOTO CIUIaBY
(puc. 2.6).

— [IBMAKICTH BUXOY CIUIABY 13 30HM MOJICJIFOBAHHS HA TOPIII JINCTA BIJIIOBIIA€
JHIAHINA TTBUKOCTI 00€pTaHHS BAJIKIB.

— YmoBa Wall — Hynb0Ba KOMITOHEHTA IIBHAKOCTI JI0 HOPMaJIbHOI IMOBEPXHI
TPUBUMIPHOTO O0'€KTa HAa TOPIIEBHX CTIHKAX O0'€KTIB pO3IUIaBy Ta Ha IMOBEPXHSIX

JIMCTOBO1 YaCTUHM 3arOTOBKH 11034 BaJIKaMH.
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Puc. 2.6 — Beenenns ymosu Inlet y 3D monens

Ha 3akirouniit ctajii miAroToBYOTO €Tamy Jjisi MaTeMaTUHYHOTO MOJEIIOBaHHS
TEIJI0- MACOOOMIHHUX MPOLECIB IPHU BAJIKOBIM PO3JIMBLI IPOBOJUTHCS BBEJICHHS YMOB

pyXy pinkoro Ta 3aTBepauioro metany B [13 (puc. 2.7 1 2.8).

® ° Process Condition Manager = ? X
SL | Name A Type | Entity | Boundary Cond. | Area(Sq. mm) A
1 Solid Transport Al Linuid(U=0, VW _.
A3

2  |Sohd Transport_2 | Solid Transport | S |V =0.60.angle 3... |

Selection

[y volume Ex Region x
Process Condition
Type: Solid Transport Database: User .| Name: |Liquid(U=0, V,W = funct) v + .i‘
Reset Apply I Close [

Puc. 2.7 — Baactusicts 13 Solid Transport 1
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# | Process Condition Manager = ? X
SL .Nane 1 Type | Entey Boundary Cond. | Area(Sq. mm)
A2
1 Sobd Transport_1 Sold Transport Al Uquid(U=0, VW
A3
2 [Tt sod Tansot | Sve V=080, a0 3
Selection
Lg Volume _x ego . J
Process Condition
Type: Sold Transport Database: e v  Name: 6 anGle orad v i‘_ /_j
Reset | Close J

Puc. 2.8 — Bnactusicts 13 Solid Transport 2

YMOBHU pyxy pIJIKOTO METaIly BHOCSThHCS y mporpamy sik Solid Transport 1 (puc.
2.7). llIBuakicTh pyX JHCTOBOi 3arOTOBKH, IO BUXOJWTH 3 BAJKIB, NMPUAMAETHCS
PIBHOIO JIIHIMHOI MIBUAKOCTI 0OEpTaHHA BaJKIB 1 11 JaHI BHOCSATHCA B IMPOrpamMHe
3abe3nedenns Solid Transport 2 (puc. 2.8).

[licnss BBeAeHHS BCIX TNEPENIYEHUX BHUIIE JAHMX, B HaJAIITYBaHHSX
BHUCTAaBJIAIOTHCS HIL APYTOPSAIHI JaH1, TaKl sIK: MPOMIKOK 4acy 3a sIKUW MPOBOJIUTHCS

PO3JHB, SIKUN Kajp (IKCYETHCS TOIIIO.

2.6. Meroauka BHBYEHHS BIUIMBY IIBWIAKOCTI OXOJIOAKEHHSl HAa
(opMyBaHHA CTPYKTYPH JIUTHX 3PA3KIB 3 JOCTII)KYBAHUX CILIABIB.
3 METOI BCTAaHOBJEHHS BIUIMBY IIBUAKOCTI OXOJIOPKEHHS Ha (HhOpMYBaHHS

CTPYKTYp JIMTHX 3pa3KiB 3 JIOCHIIP)KYBAaHUX CIUIaBIiB OyJM BUTOTOBJIEHI MacuBHI (Y
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MOPIBHSHHI 3 PO3MipaMH 3pa3KiB, IO BIJIMBAIOTHCS) JUBapHI GOpPMHU 3 PIZHUX
MmaTepianiB: (ropdroromit, KBapuoBe CKJIO, rpadiT 1 MiJHa BOJOOXOJOKYBaHA
dopma. Yci dotupu ¢GopmMu OynuM BCTaHOBICHI Ha ofHii miaardopmi (puc. 2.9).
Koedoimientn TermonpoBigHocTi MarepianiB Gopm (A) mpu TemrmepaTypax po3IUBKU
BumpoOyBanux cruiaBiB (660+10°C) Ha MOpSAKU BIAPI3HAIOTHCA OAMH B OFHOTO:
kBapil — 0,8 Bt/m-K; Ne2 dropdunoromit — 8 Br/mK; Ne3 rpadit — 80 Br/m K u N4
mige — 377 Br/m-K. Takuil mupokuil po3Kuj y TEIUIONPOBIAHOCTI MaTepiaiiB GopM
3a0e3neuye aHANOTIUHY PISHHUIIO B IIBHIKOCTSIX OXOJOKCHHS MPH TBEPAHCHHI

CIUIaBIB, III0 BUTIPOOOBYIOTHCS.

]
4
J
2
d
Vi

7 o, <
% A Sl
P P | | A e )
| LR L\R LR |
Puc. 2.9 — Ilnardopma 3 dopmamu sl OTPUMAHHS JHUTUX 3pa3KiB 13

JOCITIIKYBAaHUX CILIABIB 3 PI3HOIO IMIBUAKICTIO iXHBOTO OXOJIO/DKEHHS: 1 — HampsiMH1
MACTaBU JJId BCTAHOBJICHHS IUIMNTH, 2 — IUIATA, 3 — TEIJIOI30JIAIIHA MIJIKIIagKa;

4 — trepmorniapa XA; 5 — nuBapHa popma

ExcniepuMeHTH TpOBOAMIM Yy HACTYNHIM mociigoBHOCTI. BpaxoByrouu
HeBeNMKUi 00csar 3paskiB (@ 5 mm, h = 30 MMm), 3aimMBaHHs BCiX (GopM MeTanom
npoBOMIAN 3 OjHi€l TaBku. [lpu TBepaHEHHI 3pa3KiB CUTHAIW BiJ] XpPOMeEIb-
aJIFOMENIEBUX TEpPMOIap 3a JOMOMOTO HH(pPOBOro mMepeTBOproBaya BUBOIWIN Ha

MOHITOpP KOMITHOTEpA Yy BUTJISAI KPUBUX OXOJOJKEHHS (KPUBI 3MIHU TEMIIEpaTypHu y
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gaci). OOpoOka HMX KPUBHUX JIO3BOJISIE PO3paxyBaTH HIBUJKICTb OXOJIOJKEHHSI
po3miaBy, IO TBEpAHE, B IHTEpBaJl MK TEMIIEpaTypol0 WOro meperpiBy i
TEMIIEPaTYpPOIO <JIIKBIJTYC» KOHKPETHOTO CILJIABY.

JIis BCTAHOBJIEHHS 3aJIEKHOCTI CTPYKTYpU JOCHIPKYBAaHUX CILUIaBIB Bl
MIBUKOCTI OXOJIO/IXKEHHS TIPU 3aTBEpPAiHHI, OTPUMaHI 3pa3KH IMiIJaBaIUCI TOBHOMY
UKy MeTajorpadiuyHuX JAOCHIKeHb. |15 OIHKKA JTUCIIEPCHOCTI MIKPOCTPYKTYPH B
Metasorpadii BUKOPUCTOBYIOTH Pi3HI METOIU: SKICHO-OIMCOBUM, HAIliBKIIbKICHHM
(OpIBHSHHSA 31 CTAaHAAPTHUMHU IIIKaJaMH) Ta CTPOTO KiabKicHUN. HaliO11bI1 TOUHUM €
CTPOTO KIJIbKICHUH METOJl, KOJIM JUCHEPCHICTh MIKPOCTPYKTYPH BH3HAYarOTh 3a
FeOMETPUYHUMHU po3Mipamu ABOMIpHOi (2D) abo tpumipHoi (3D) moaeni.

VY 1mMx JOCHIKEHHSX BHKOPUCTAHUM CTPOTO KUIBKICHHMM METOJ JBOMIPHOT
mMozeni (2D), konu Ha nutig1 BUOMPAKOTh TPYILy 3€PEH 1 3a JOIMOMOTIOI0 IUIAHIMETPIi
BUMIPIOIOTH iX TUIOHMHY. [I0TIM MPOBOJATH MiIpaXyHOK KUIBKOCTI BCIX 3€pEH Yy LI
rpyni. KiabpKicTh 3epeH AUIATh Ha IUIOIY, Ky 3aiiMae rpyna. B pe3ynbTaTi ogepxxyemMo
CEepEeAHIO KUIBKICTh 3€pEeH Ha OAMHUIIO Tuiomli nutidy. s O61ab1101 TOYHOCTI 1110
OTiepallio MPOBOJATH JJI PI3HUX TPYI 3€PEH HA BUIIAJKOBHUX MOJSAX 30PY, B3STHUX Ha

PI3HUX TUIOIIAX MUTi]Yy.

2.7. Meronnka BUBYEHHs1 mpoueciB GopMyBaHHSI JIUCTOBOI 3ar0OTOBKH 3
ATIOMIHIEBHX CIUIABIB Ha J1a0OpaTOpPHiil YCTAHOBLI BaJKOBOI PO3JIMBKHU-
NMPOKATKH METAJIIB.

VY 1miif po6OTI TOCTIKEHHS TPOBEICHO Ha PI3HUX AJIFOMIHIEBUX CITIaBax (TalJI.
2.1, Tabn. 2.2), sxi BigHocsaThes 10 cucteM Al—Cu (cepist 2xxx) 1 Al-Zn (cepist 7xXX)
Ta € HaWOIIBII TOMUPEHUMHU TPEACTABHUKAMU TPYMH ATIOMIHIEBUX CIUIaBIB, IO
BUKOPUCTOBYIOTHCS Y 1e(hOPMOBAHOMY BUTJIS/I Micsi 0OpOOKK TUCKOM Yy TBEPIAOMY
CTaHI Ta TEPMIYHOT'O 3MIITHEHHS.

Po3nuBKy amrOMiHI€EBHX ~CIUIaBiB, 10 BUBYAIOTHCSH, 3/IACHIOBAIM Ha

7ab0paTOpHINA YCTAaHOBII 3 I1aMeTPOM BajkiB 420 MM 3 peryjibOBaHUM KyTOM HAXUITY
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IJIOIIMHYU PO3JIMBY K TOpU30HTY 10 45 rpanyciB (puc. 2.10). Bona cknagaeTscs 13
3aJIMBAIBHOTO MPHUCTPOIO 3 KOBIIEM 1, IPOMIKHOTO MPUCTPOIO I MOadi METaly Ha
BaJIKM 2, By3Jla BaJIKOBOTO KpucTajizaTopa 3, 3HIMaudiB CTpidok 4 1 OGapabaHHOTO
TpaHCIIOpTEpa 3ar0TOBKH 5. YTpaBIiHHSI poOOTOI0 YCTAaHOBKH 31MCHIOETHCS 3 TTYJIbTA,
BCTAHOBJICHOTO  OKpemo  Bigx  Hei. OCHOBHI  TEXHIUYHI  XapaKTEPUCTUKU
EKCIIEPUMEHTAIbHOT YCTAHOBKH BAJIKOBOI PO3JIMBKH HABEACHO y Ta0. 2.5.

Haii6inb1 BiAMOBITAIBEHUM BY3JIOM YCTAaHOBKH € BaJIKOBUN KpHCTajizaTop. 3a
KOHCTPYKIII€I0O BIH Harajye IPOKaTHY KIITh 1 CKJIQJa€TbCsi 3 JBOX BaJIKiB-
KpPUCTAII3aTOPIB, a TAKOXK MPHUCTPOi Al CTUCHEHHsI BAJKIB y MpOLECl JUTTA Ta
NEPEMIIIEHHS! OJJHOTO 3 HUX Y BUIbHE MOJOKEHHS Miciid Horo 3akiHueHHs. PoOoua
yacTHHA BaJIKIB-KpUCTaIi3aTopiB (0aHIaxk) € BIAPI3KOM OE3II0BHOI CTajIeBOl TPyoH 3
TOBUIMHOIO CTIHKM 15 MM, sika migiOpaHa 3 ypaxyBaHHAM HEOOXIJHUX YMOB

TEIJIOBIABEACHHS Ta MIITHOCTI OaHIa)K1B BaJIKIB.

Puc. 2.10 — JIabopaTtopHa ycTaHOBKA JIJI1 BAJIKOBOI PO3JIMBKU METaJIEBUX CILIABIB:

1 — 3ayMBaJIbHUIM TPHUCTPIA 3 KOBIIEM; 2 — TPUCTPIN I MOAa4l METalTy Ha BaJIKH;
3 — ABOBAJIKOBUM KpHCTadizaTop; 4 — 3HIMa4 JIMCTOBOI 3aroTOBKHU; 5 — OapabaHHUI

TPAHCIIOPTEP JIMCTOBOI 3arOTOBKHU
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CwiioBHil TIpUBIJT BaJIKIB-KPUCTAII3aTOPIB 3AIMCHIOETHCS BiJ €JIEKTPOJBUTYHA

MOCTIHHOTO CTPYMy 3 MaKCHMAaJbHOIO TOTYXHICTIO 5,5 KBT yepe3 pemyktop Ta

JaHoropy nepenady. HIBuakicTh oOepTaHHs BasikiB (TOOTO JiHINWHA IIBUIKICTH

PO3JINBKH) PETYJIOETBCA 3a JOINOMOIOK YacTOTHOTO IIEPETBOPIOBAYA HAIPYIH

"Siemens Micromaster", 3a JOMOMOTOI0 SIKOTO PETYIIOETbCA KUIBKICTh OOEpTiB

CICKTpOABUI'YHA.

Taomung 2.5

TexHiuHI XapaKTEPUCTUKHU Ja00PATOPHOI YCTAHOBKH BAJIKOBOI PO3JIMBKH

XapakTepucTHKA, OUHULS BUMIpPY 3HaveHHs
Po3paxyHkoBa NpOAyKTUBHICTh YCTAHOBKH, T/TO/I. 18
Maca ycTaHOBKH, T 3
30BHIIIIHIN JIIaMeTp BaJKiB-KPUCTAII3aTOPIB, MM 420
Marepian 6aHgaXiB BaJKiB-KPUCTAII3aTOPIB CTajb
ToBmHa OaHIAXIB, MM 15
JloB)xHMHA OIISTHKH BajKa, MM 600
Jliana3oH peryyroBaHHS KyTa HaXuiIy BaJKiB O TOPU3OHTY, TPpajl. 0+45
MaxkcumanabHa Maca IUIaBKH, KT 150
HominanpHa moTyXHIiCTh IPpUBOIY, KBT. 5,5
MakcumanbHa KiJIbKiCTh 00EpTiB IBUTYHA, 00./XB. 1440
MakcuMalibHa MBUAKICTh PO3JIUBKH, M/C 0,6+1,2
MaxkcumanbHui 00CST MoAaui 0X0NOMKYBAILHOT PiIUHHI, M°/TOI. 36
Jlianma30H TOBIIWHHM JINTHUX 3arOTOBOK, MM 15

Meranu, o po3JIUBaKOTHCS

AJIFOMIHIA Ta
WOTO CILJIaBU

[Ipu mnpoBeAeHHI EKCHEPUMEHTIB 3 BaJKOBOI PO3JIMBKU JTOCHIIKYBAaHUX

QIIOMIHIEBUX CILJIaBIB JIOTPUMYBAJIHUCS HACTYIHOI MOCHIIOBHOCTI BHUKOHYBAaHHMX

orepariiu:
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— ITobynoBa Ta BCTAaHOBIIEHHSI MPOMIKHOTO 3aJIUBAJIBHOTO MPHUCTPOIO, BHCOTA
PO3MIIICHHS 1 HAXUJI IKOTO MOXE 3MIHIOBATHCS B 3aJIEKHOCTI BiJI IIIBUJIKOCTI PO3JIMBKU
1 TOBIIMHM JINCTOBOI 3aroToBKH (puc. 2.11). Jlnsa 3ab6e3nedyeHHs MOCTIMHOI TOBIIMHU
MOTOKY PO3IUIaBy METally, IO HAJAXOAWTh Y MDKBAJIKOBHH TMPOCTIp, MK OIYHUMH

oOMexyBauaMu Ha BCIO IIMPUHY BCTAHOBIIIOETHCA ITMOEpHA 3aCIIiHKA.

Puc. 2.11 — TIlpomixHu¥éi TpHUCTpiA JUIsl 3aJUBKH METAIy Yy BaJIKOBUHN

KpHUCTaJI3aTop

— 3a I01OMOroI0 HaTUCKHUX TBUHTIB, BCTAHOBJICHHX 3 000X OOKIB BEPXHBOTO
BaJIKa-KpHUCTai3aTopa, PEryIioeThCs TOBIIMHA 3a30py MK BaJKaMH 10 HEOOXiTHOTO
3HaueHHs. KOHTpoJIb TOBIIMHM MIXKBAJKOBOTO 3a30py IpU HOro perystoBaHHI
BUKOHYETHCSI MEXaHIYHO 3a JIOTIOMOT'00 Ha0Opy IIyMiB 3 TOUHICTIO 70 0,5 MM.

— BxiroueHHsT cucTeMH BOJSIHOTO OXOJIOJKEHHS BaJIKIB-KpHUCTAI3aTOPIB
IUIIXOM TOJ[a4l OXOJIOJKYIOUOi piIuHU (BOJM) Y BHYTPINIHIO TIOPOKHUHY BAJIKIB 3
IUTaBHAM BHXOJIOM Ha MaKCHUMAalbHUH THUCK 1 BUTparTy, mo0 YHHKHYTH YJapHOTO
TAPaBIIYHOTO HAaBaHTAKEHHS HA TE€PMETHU3YI0Ul T'YMOBI €JIEMEHTH KOHCTPYKIIIi.

— HaneceHHs1 Ha MoOBepxHIO OaHIaXIB BaJIKIB IIapy CYCIEH31i, III0 Ma€ BUCOKY
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CXWJIBHICTh J0 aAre31MHOr0 HaJWIaHHS Ha IHCTPYMEHT. B SKOCTI Takoi cycreHsii
BUKOPHCTOBYETBCA CYMIII 13 APIOHOJUCHEPCHOTO TMOPOMIKY TpadiTy Ha OCHOBI
eTaHoTy a0o HITpuy O00py Ha BOAHINA ocHOBI. [loBepxHs OaHIaXIB MiCIs HAHECEHHS
mrapy CycreHsii 3a J0momMoror (eHa MiAJAEThCsl JOJATKOBOMY IPUCKOPEHOMY
CYIIIHHIO.

— IlnaBka MmeTamy, BKIIIOYAIOUM TMIArOTOBKY IIMXTOBOTO Matepiaiy, HOTo
pi3aHHs, CYIIIHHS TOIIO. 3aJeKHO B METH EKCHEpPUMEHTYy MaKCHMalbHa Maca
HIMXTOBOTO Matepiany goxoawna jao 30 kr. IlmaBka wmetamy 3pificHIOBanacs B
iHaykmidHid nedi Inductotherm VIP 125 13 mmpkoHieBUM TUTeM (MakCcHMallbHA
noTyxHicTh neui 125 xBT). IlocTiiiHuil KOHTpOJb TeMIlepaTypu pO3IUIaBy B M€l
IPOBO/IMBCS KOHTAKTHOIO XPOMEb-AJIFOMEIEBOIO TEPMONApOI0, 3aMasHO0 B TPYOKY 3
HEPKaBIIOYO]1 CTaJIL.

— BxiroueHHsT €JIeKTPOABUTYHA TOJOBHOTO TIPUBOAY Ta BCTAHOBJICHHS
HEOOX1THOT MIBUAKOCTI oOepTaHHS BalkiB. HanamryBaHHS BUMIpPIOBAJIBHOI Ta
(iKCyroUuoi amapaTypu Il BU3HAUYEHHS 3HAY€Hb KOHTPOJIbOBAHMX IapaMeTpiB Ta
BIJICO3aMKCY MPOLECY PO3IUBKU-TIPOKATKHU.

— 37MB poO3IUIaBy MeETaly 3 Iedl B PO3JIMBHMM KIBII. 3ajMBKa MeETally B
JIBOBAJIKOBUM KPUCTAI3ATOP Yepe3 3aIMBAIbHUNA MPUCTpPiil. OTpUMaHHA Ha BUXOJ1 3
BaJIKIB JIMCTOBOI 3arOTOBKH 3a/1aHOI TOBIIMHU.

— Jlani oTpuMaHi JINCTOBI 3arOTOBKH M1AAABAIMCS TapA4ii Ta XOJIOAHIN MPOKATII
3 pI3HUM cTyneHeMm iXx oOTucHeHHs. [loTiM 3a CTaHZApPTHHUMH METOAUKAMH
BU3HAYAIIUCA XAPAKTEPUCTUKU iX CTPYKTYp Ta MEXaHiIuHI BIACTUBOCTI OTPUMaHUX
CTPIYOK Ha KOKHIM CTajlli TEXHOJIOTTYHOIO JIAHIIOKKA «BaJKOBA PO3JIMBKA — rapsya

MpoOKaTKa — TepMiuHa 00pOOKaY.



79

PO3/11 3
MO/IEJTIOBAHHS TPOLIECIB ®OPMYBAHHS IUTUX 3ATOTOBOK
ITPU BAJIKOBIi PO3JIUBLI METAJIIB

3.1. MaremaTu4yHe MOJEeJIOBAHHA TeEIJIO- MACOOOMIHHHX NpPOLECIB Y
KPHUCTAJI3aTOPi NPH BAJIKOBIN PO3JIUBLI JOCTIAHUX AJTIOMIiHIEBUX CILIABIB.

["'0710BHUM 3aBIAHHSM BAJKOBOI PO3JMBKU METaJTIB € OTPUMAHHS AKICHOI JTUTOT
3aroTOBKH 33/1aHO1 TOBILMHU, KA B1JIpa3y X MICIs BUXOAY 3 BaJIKIB MPOKOYYETHCS Ha
JUCTOBUM MeTanomnpokaT. [IpoGiema NpakTUYHOrO BUPIMIEHHS IHOTO 3aBJIAHHS
MOB'sI3aHAa 3 TUM, 110 (POPMYBaHHS TAKUX 3aTOTOBOK B1JI0YBA€THCSI MUTTEBO (32 YaCTKU
CEKYH/I) 1 CYIIPOBOIKYETHCS BUKIIOYHO CKJIATHOIO B3a€EMO/IIEI0 TEIJI0-MAaCOOOMIHHUX
MPOLIECIB, XapaKTep Ta 1HTEHCUBHICTh MEPEOITy SIKUX 3aJ€XKHUTh, y TOMY YHUCIHI, Bl
30BHIIIHIX (aKTOpiB (IIBUAKOCTI O0'€MHOI MOAadl pO3IUIaBy METaly, MIBUIKOCTI
3aKIHYEHHS CTPYMEHS METaly 3 PO3JIMBHOTO MPUCTPOIO Ta KyTa i1 HAXUITy JI0 MOBEPXHI
BAJIKIB, IIBUJKOCTI TEIUIOBIIBEACHHS BIiJl BaJKiB-KPHUCTAII3aTOPIB TOIO). 3PEIITOIO,
XapaKTepoOM B3a€MO/IIT IIUX MPOIIECIB BUZHAYAETHCA CTPYKTYpa Ta BJIACTUBOCTI JIUTOI
3arOTOBKH, a OTXKE — AKICTh KIHIIEBOTO JIMICTOBOT'O METAJIOMPOKATY.

BpaxoByroun CKJIaJIHICTh MPAKTUYHOTO BUBUCHHS LIUX MPOIECIB HA peaibHOMY
00'eKTi, y it poOOTI IPH IBOMY BUKOPHUCTAHO METOJ MaTeMaTHIHOTO MOJICITIOBAHHS
y nporpami ProCAST (myukt 2.5, PO3AJI 2). Jlis MaTeMaTHYHOTO MOJICIIFOBAHHS
TEIJIO- MAaCOOOMIHHUX TMPOIECIB TPU BAJIKOBIA PO3JUBIIN METaJIiB TOJOBHUM
3aBJaHHSAM € BHU3HAYCHHS aJICKBATHOTO PIBHAHHSI pPYyXy PIAKOTO MeTany y
MDKBaJIKOBOMY IpocTopi. [{e moB's3aHo 3 TUM, 110 1ICHTUYHICTb KIPOK, 1110 TBEPIIOTh
Ha BaJIKaX, 3QJIEKUTh BiJl PO3MOILTY MEPErpiTUX O0OCATIB PO3IUIaBy METaly B PLAKIN
BaHHI. A HECUMETPUYHICTh KIPOK Ha BajKaX € OCHOBHOI MPUYMHOK BHUHUKHEHHS

MOBEPXHEBUX TPILIMH, K € TOJOBHUM JI€(DEKTOM TaKUX 3aTrOTOBOK.
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JInsi BU3HAUYEHHSI PIBHSAHHS PyXy PIJIKOrO METaly B MIXKBAJIKOBOMY IMPOCTOPI
BUKOPHCTAHO EJIEMEHTapHY CXeMY, IIPH SKild pO3paxyHOK MPOBOIUTHCS ISl BUTIAJKOBO

B3STOI TOUKH B 00cs13i miel dasu (puc. 3.1) [117].

(z),y))

Puc. 3.1 — Cxema po3srairyBaHHsS BUIAJAKOBOI TOYKHU B 00CS31 pO3IIIABY II0JI0

MIPaBOTo BajKa JJisl pO3paxyHKY PIBHAHHS il pyXy

3 HaBeI[eHOI CXCMHU MOXHAa BU3HAYUTH HaCTyrIHi 3HAa4YCHHA:

Rlz\/(ZO—Zl)2+(y0—yl)2 (3.1

V,=w-R,, (3.2)
ne Ri — yMoBHHMII paalyc oOepTaHHsS TOYKM HIOJ0 MPaBOro Bayika; Vi — JiHINHA
HIBUKICTh PYyXY TOUYKH; (® — KyTOBa IIBUAKICTh 0O€pTaHHS BaJIKIB.

3 1€ 3K CXEMU MOXKEMO 3anucati GopMyJid Sin Ta cos AJid KyTa o

sing=2—J0 . cosg=t— %0 (3.3)

Rl Rl

PiBHSIHHS JIHIMHOI MIBUAKOCTI PyXy BUIAAKOBOI TOYKHM IIOAO MPABOrO BajiKa

MO>KHA 3aIIMCaTH HACTYITHUM YHHOM V1y, Vi,
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V, =V,-cosa; V,=V, sina (3.4)
[TincraBuBmm 3HaueHHs (3.1), (3.2) ta (3.3) y dopmymu (3.4) orpumyeMo

dbopMyIH I PO3PaxXyHKY JIHINHOI MIBHIKOCTI PyXy BHUIAIKOBOI TOYKH IMOAO OCI

IIPABOTO BAJIKA:

z YA
V,, =V, -cosa=a-R - 20— p.(z,+ 2,); (3.5)
1
Vlz=V1-Sina=w-R1-%=w-(yl—yo); (3.6)

1

AHANOTrYHUM YMHOM MOKHA 3pOOUTH PO3PAaXyHKH JIIHIMHOI IIBUAKOCTI PYXy

BUIMAJKOBOI TOYKHU IIOAO OCI JIIBOTO Bajka (puc. 3.2).

(z,y1)

(2« V)

Puc. 3.2 — Cxema posrtanryBaHHS BUIIQJKOBOI TOYKHU IIMOJO JIIBOTO BaJiKa IS

pO3paxyHKy piBHSAHHS i1 pyXy
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3poOuBIIM MPOEKIIIi BUIAIKOBOI TOUKH Ha OC1 Z Ta Y, MOKHA 3alMCATH PIBHSHHS

il pyXy 11040 OC1 JIIBOT'O BajKa:

Vz . Zl B Zo ]

Vv, = R, : (3.7)
Vo oy -y

y_ N 0 .

Vv, —Rl ; (3.8)

3 ypaxyBanasaM Gopmyd (3.1) ta (3.2) oTpuMy€eMO piBHSHHS JTIHIAHOI IIBUAKOCTI

pPYXy BUIIAJKOBOT TOYKH IOJIO OC1 JIIBOTO BaJIKa:

-7
V,=="—"2=w-R=0-(z,-2,); (3.9)

R

Y-y .
V1y=%=w-R1=w-(yl—yo), (3.10)

1

J{nst yucenbHUX PO3pPaxyHKIB TEIJIO- MAaCOOOMIHHUX TPOIIECIB MPU BAJIKOBIM
pPO3JMBII B CUCTEMI aBTOMAaTU30BaHMX Po3paxyHKIB ProCAST sik OCHOBHY MOJENb
pyxy piakoi ¢a3m B MIKBAJIKOBOMY IMPOCTOPI 3aCTOCOBAHO BapiaHT CIPOIIECHOTO
PO3paxyHKY 3a BUBEJICHUMU PIBHSHHSIMU JIHIAHOT IIBUAKOCTI JUIsl BUITAJKOBOT TOUKHU.
Kpim moxeni pyxy piakoi ¢a3u B cucTeMy 3aBaHTaXYIOTHCS 1HIIN BUXITHI JaH1, Taki
AK: XIMIYHUH CKJIaJ JOCIIIKYBaHUX CIUIaBIB, TEMIIEPATYPU PO3ITUBKH 1 OXOJIOIKEHHS
BaJIKIB, MaTepiajl 0aHJaKiB BaJKIB, YAaC PO3JIMBKY TOILO.

[Ticnst 3ampoBamKeHHS BUXITHUX JaHUX OYyJO0 3pOOJEHO PO3PaXyHOK MESIKHX
TeII0(I3UYHUX XapPaKTEPUCTUK JJISI BCIX JOCHIKYBaHMX CIUIaBIB 3aJ€KHO Bia iX
TEeMIIepaTyp, a caMe: MUTOMa TeIUIOMPOBIIHICTh, T'YCTHHA; CTYIMiHb KpUCTaTi3amii
tomo. Hampuknan, po3paxyHKOBI 3HA4YEHHS JSSKHX TEIUIO(PI3MUYHUX IMOKAa3HUKIB

3aJIeKHO Bij TemnepaTypu ciuiaBy B9S npencrasneni Ha puc. 3.3.
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Puc. 3.3 — 3anexxHICTh MUTOMOT TEIJIONPOBITHOCTI (a) Ta CTyHeHs KpucTami3anii

(0) crutaBy B95 Bin Temneparypu

MarteMaTtuyHe MOJAENIOBAaHHS TEIUIO- MAaCOOOMIHHUX MPOILIECIB MPHU BAJIKOBIM

PO3JMBII BCIX IOCTIKYBAHUX AJIFOMIHIEBUX CTUIaBIB OYJI0 MTPOBEACHO JJIS OJTHAKOBUX
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BI/IXi,Z[HI/IX YMOB: TCOMCTPUUYHHUX XAPAKTCPHUCTHUK 3aroTOBOK, IO BiI[JII/IBaI'OTBC}I, 1

JTHIAHUX MBUAKOCTEH po3nuBKH (Tadm. 3.1).

Taomung 3.1
Buxigni naHi A5 MaTeMaTHYHOTO MOCITIOBAHHS
Cmiias Temneparypa Jliniitna ToBmmHa Iupuna
PO3JIMBKH HIBUHIKICTH 3ar0TOBKH, | 3arOTOBKH,
mertaiy, °C PO3JIUBKH, M/C MM MM
0,3
AJI35 © 0,6
6082 & 0,9
1,2
0,3
AMTr5 ~ 0,6 ~ o
~ o 0
5056 © 0,9 ~ ™
1,2
0,3
B9S Ty 0,6
7075 S 0,9
1,2

Pe3ynpraTi uncenbHOr0 MOJICIIOBAHHS TEIUIO- MAacCOOOMIHHHUX ITPOIECIB IS
BCIX CIUIaBIB OTPUMYBAJIH Y BUTJISII TEMIIEPATYPHUX TOJIIB 32 IOTIEPEYHUM TIEPEP130M
BaJIKIB 1 CTYIIEHEM KpHCTaJIi3allli pO3IUIaBy METaly B KOJbOP1 JJIsl BCIX IIBUAKOCTEH
po3muBku (0,3-1,2 M/C) 1 TOBIIMH 3aroTOBOK (2-4 MM), IO BiIJTUBAIOTHCS, y JIBOX
BaplaHTax: 0e3 ypaxyBaHHS Ta 3 ypaxyBaHHSAM T1IpOJUHAMIKM METaIy B PIJIKIH JTyHLI
MDXKBaJIKoBoro mpoctopy. Ha puc. 3.4 HaBeneHO pe3ynbTaTd MaTEMaTHYHOTO
MOJICITFOBAHHSI BAJIKOBOT PO3JMBKH 3arOTOBKU 3aBTOBIIKM 3 MM 31 criaBy B95 mpu
niHiHOT mBuakocTi 0,3 M/c 6e3 ypaxyBaHHS TIAPOAWHAMIKKA PO3IUIaBY. Y IbOMY
PUCYHKY JIBl IIKaJIM TEMIEPATyp, SIK1 BIAMOBIIAIOTH TEMIEpATypamM METalTy B PiaKii

JyHIIi (JIiBOpyY) Ta BaJIKiB (TipaBopyd 13 Hartucom Mold).



Step No / Time Step :4837/2.500e-04
Simulated Time :1.0007 sec

Percent Filled :N/A
Fraction Solid :54.8

6450 .
628.7 Tlq 627.1 1d[C]
612.3

| 596.0

579.7
5633
| 547.0
530.7
514.3
4982

Temperature [C]
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Puc. 3.4 — Po3noain TemnepaTypHUX MOJIB y NONEPEYHOMY MepPepi3l BAJIKIB IPH

PO3JIMBII 3arOTOBKH TOBIIMHOIO 3 MM 31 mBHUAKICTIO 0,3 M/c

BignoBigHa 1mpoMy BapiaHTy MOJCTIOBaHHS (TOOTO BIJUIMBAHHS 3arOTOBKH

MpeACcTaBiieHa Ha puc. 3.5.

Fraction Solid V032_t645_7075 Step No / Time Step :4837/2.500e-04
Simulated Time :1.0007 sec
Percent Filled :N/A
1.000 Fraction Solid :54.8

0.933

= 0867
0.800
0733

0.667
0.600
0.533
0.467
0.400
0.333
0.267
0.200
0.133
0.067
0.000

Puc. 3.5 — Cryninp kpucranizaiii po3jiaBy METaly Mi>k BaJIKAMH IPU PO3JIMBII

3arOTOBKH TOBIIIMHOIO 3 MM 31 mBHaKicTiO 0,3 M/C

TOBIIMHOIO 3 MM 31 mBuakicTio 0,3 mM/c 0e3 ypaxyBaHHS TIAPOAMHAMIKH PO3IUIaBY

MeTaly) KapTHHa CTYNeHs KpHCTali3alli po3IJaBy y BaJKOBOMY KpHCTali3aTopi
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AHaJIOT1YH1 pe3yJbTaTH, OTPUMaHI [JI1 BapiaHTa, 1€ BPaXOBYETHCS pPyX

pO3IUTaBy METaTy MK BaJIKaMH, HaBEJEHO Ha puc. 3.6 1 puc. 3.7.

Temperature [C] Step No / Time Step : 135158 / 3.800e-08

Simulated Time :0.5900 sec
Percent Filled 1997

6450 Fraction Solid :85.6

628.7 Tiq 627.1 Y " d[C]

612.3 —

| 596.0 3

579.7

563.3

547.0

530.7

514.3
498 9

ProCAST
Puc. 3.6 — Po3noain reMnepaTypHHX MOJIB y MOMEPEYHOMY MEpepi3i BAJIKIB JIs

3arO0TOBKM TOBIIMHOIO 3 MM, IO BIIJIUBA€ETHCS 31 MIBHAKICTIO 0,3 M/C Ipu BpaxyBaHHI

PyXy pO3ILIaBy METAILY, IO PO3JIUBAETHCA.

Fraction Solid strip3mm_350mm Step No / Time Step : 135158 / 3.800e-08
Simulated Time :0.5900 sec
Percent Filled :99.7
1.000 Fraction Solid :85.6
0933
_ 0867
0.800
0.733
0.667

0.600
0.533
0.467
0.400
0.333
0.267
0.200
0.133
0.067
0.000

Puc. 3.7 — Cryninp kpucranizaiii po3IjiaBy METay Mi>k BaJIKAMH MPU PO3JIMBIIL
3aroTOBKHM TOBIIMHOIO 3 MM 31 mBuAKIcTIO 0,3 M/C mpu BpaxyBaHHI pyXy pO3ILIaBy

MCTally, 10 PO3JINBAETHCA.
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VY pe3ynbTari MOJENIOBAHHA JUIsl BCIX BaplaHTIB EKCHEPUMEHTIB TaKOXK
pO3paxoBaHi TIAPOAMHAMIYHI TIOJIS y BUTIISAI 130J11HIT IIBUAKOCTEH B MIKBaJIKOBOMY
3a30pi B 3D ciriii, 3 AKUX HAOYHO BUHO iX HEPIBHOMIpHUN po3noii (puc. 3.8). bibiu
BHCOKI IIBUAKOCTI B MOBEPXHEBUX IIapax PiAKOI JIYHKH MeTaly OyAyTh IMiJBUIILYBaTH
IHTEHCHUBHICTbH iX KOHTAKTIB 3 aTMOC(HEPHUM IOBITPSM, 1110 € TIEPETYMOBOIO 3POCTAHHS
3a0pYyJTHEHOCTI JIMTHX 3arOoTOBOK HEMETAJICBUMU BKJIFOUEHHSIMH (I aJIFOMIHIEBUX

CIUUIaBIB MEPEBAKHO — OKCUIAMU ).

Fluid Velocity Vect strip3mm_350mm Step No / Time Step : 135158 / 3.800e-08
Vect Mag m/sec Simulated Time :0.5900 sec
Percent Filled 199.7

0.960 Fraction Solid :85.6

0.896
0.832
0.768

ProCAST

Puc. 3.8 — I'igpoaunaMivyHa KapTUHA TIPOIIECY BATKOBOT PO3JIMBKU METAIB

AHani3 pucyHkiB 3.4-3.8 HaO4YHO MIATBEP/KYE BUPIMIAIBHY pOJib, SIKY T'pae
riApoAMHaMIKa po3IJIaBy METaly Yy BaJIKOBOMY KpHCTali3aTopl y Mpolecax
TEIJI000MIHY Ta Moro kpuctamizamii. KpiM 1mporo, BiJ pIBHOMIPHOCTI PO3MOILTY
MOTOKIB pO3IUIaBy (TOOTO BiJl X CHMETPUYHOCTI) TaKOX 3JICKUTh 1HTEHCHUBHICTH

HiAMHUBY KipKH 3aTBEP/IIJIOT0 METaJly Ha Bajikax-Kpucrtaiizaropax [105]:
. 1
F= ng (1-sin @)=, (3.11)
4 D
ne F — cuna migMuBy KipKH 3aTBEpALIOT0 METally; p — FyCTUHA piAKOro Meraty; Q —
IBUJIKICTh 00’€MHOI ToAavl MeTainy; V — MIBUIKICTh 3aKIHUYEHHSI CTPYMEHS METally 3

PO3JIMBHOTO MPUCTPOIO; 6 — KyT HAXWIy CTPYMEHS JO0 MOBEPXHI 3aTBEPALIOL KipKU
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MeTtany; D — BifiIcTaHb BiJI MMOBEPXHI MEHICKA METaTy A0 TOYKU 3YCTpiul CTPYMEHS 13

3aTBEPILIIOI0 KipKOIO.

3.2. Bu3HayeHHsl IIBHAKOCTel BaJIKOBOI PO3JIMBKH [0CJHiIKYBAHMX
AJIIOMiHi€BHX CIJIABiB METOJA0M YHCEJIHHOT0 MO/IEJII0BAHHS.

B poGoti, okpiM Temio- MacoOoOMIHHHUX IMPOIECIB, MaTeMaTUYHUM
MOJICTIIOBaHHSIM TaKOX IMPOBEICHO aHalli3 BIUIMBY IIBUIKICHUX PEXKHMIB BaJIKOBOI
PO3JIMBKU MeTaly Ha yMOBU (opMyBaHHS IITa0 13 JOCITIDKYBAHUX aTIOMIHIEBUX
crutaBiB (AJZI35, AMrS 1 B95) toBmunoio 2, 3 Ta 4 MM 3a pI3HOI TeMIepaTypu
neperpipy ix posmiasis (2 + 20 ° C) [118-120]. Ak BuxiaHi naHi Jisi MOJEITIOBAHHS
BUKOPHUCTaHI B1JIOM1 XIMI4H1 CKJIaM Ta TEII0(I3UYHI XapaKTEepUCTUKH JIaHUX CIUIaBIB
(Tabm. 2.112.2, PO31JI 2).

OOuucIIOBaIbHUM EKCIEPUMEHT MPOBOAWIN IS HACTYMHUX KOHKPETHUX
TEXHOJIOTIYHUX TapameTpiB: paaiyc Baika (R) — 200 mm; kyt menicka () -33°;
IHTEHCUBHICTb TEILUIOBiZBEICHHA Ha MexXi MeTan-Banok — 15000 Br/(m?-K); mupuna
cmyru — 350 mm. PiBenb Metany B kpuctanizatopi (H) Bu3Hayanu i3 CriiBBiIHOIIECHHS:
H = R - sinf. Ilepeabauanocs, 10 piBeHb BAHHH PO3IJIaBY MiATPUMYETHCS MOCTIHHIM
3a paxyHOK CHHXPOHi3allii 00'eMy MeTaly, 110 MOAAEThCA, 1 MIBUIKOCTI 0OepTaHHS
BankiB. TemnoBiBiL y Hampsimi, NEPHEHAUKYISIPHOMY IUIOMIMHI TMOMEPEYHOTO
nepepizy 30HU Kpucraiizamii-gegopMarii, 3HEBaKIMBO Majuil. Y MOYAaTKOBUH dYac
BBaXXKaJIK, 10 TeMIIepaTypa pPO3IUIaBy BIAMOBIIa€ TEMIIEpaTypl METaay B MPOMIKHOMY
KOBIIII.

Pesynprat OOYHMCIIOBANbHUX EKCIIEPUMEHTIB IIOJI0 BHUBYEHHS YMOB
dbopMyBaHHS JIMTOI JIUCTOBOi 3arOTOBKM OTPUMYBAIM Yy BUIJIAMI KOHKPETHHX
napaMeTpiB  po3iMBKM (y Tabmui 3.2, Hampukiaad, NOpeacTaBieHl JaHl st

BHCOKOMIITHOTO aJIFIOMIHIEBOTO cIiaBy B95).
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Taomung 3.2

Pe3ynbprat 00YMCIIOBAIBHOTO €KCIIEPUMEHTY IS ciiaBy B95 (6= 3 mm)

V, M/c 7, ¢ At, °C Ome.x., & C th-ey °C ty, °C
(mpu H=0 mm) MM

0,5 0,2304 5 1,5 0,2079 399,88 433,77
10 1,5 0,2102 402,83 437,0
15 1,5 0,2125 405,77 440,26
20 1,5 0,2147 408,71 443,53

0,52 0,2215 5 1,5 0,208 411,55 446,87
10 1,5 0,2103 414,51 450,15
15 1,5 0,2126 417,42 453,62
20 1,5 0,2148 420,26 457,19

0,54 0,2133 5 1,5 0,2081 422,03 459,59
10 1,5 0,2103 424,676 | 463,56
15 1,5 0,2132 427,15 468,07
20 1,123 - 429,53 472,07

0,6 0,192 5 0,661 - 444,161 | 484,914
10 0,594 - 446,354 | 486,632
15 0,531 - 448,522 | 488,311
20 0,472 - 450,664 | 489,952

0,7 0,1645 5 0,0075 - 469,64 | 504,756
10 0,0 - 471,453 | 506,38
15 0,0 - 473,26 507,99
20 0,0 - 475,06 509,62

VY HaBeneHld BHIlle TaOJWLI MPUHHATI HACTYNHI MO3Ha4YeHHs: V, M/c —

MIBUKICTh PO3JMBKH; T, C — Yac BUXOJY MeTally 3 BaJkiB; At, °C — temmeparypa

neperpiBy MeTajiay Haj TeMIepaTyporo JIKBIAYCY; Ome.x., MM — TOBLIMHA 3aTBEPILION

KIpKM METally Ha PiBHI BUXOJly 3 BaJIKiB; & C — Yac YTBOPEHHSI TBEPIOi KIPKH, IIO

JIOPIBHIOE TOBIIMHI 3arOTOBKH; tu-¢, °C — TemmepaTypa Ha MeX1 METaj-BaJOK IpH

BUXOJ1 3 KpucTamizaropa; t,, °C — Temmeparypa B IIEHTpl ITaOM MpU BUXOJI 13

KpHUcTajgizaropa.
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AHaJIOT14H1 pPO3paxyHKH OyJIu IPOBEACH1 JJIsI BCIX IOCTIKYBAHUX CILJIaBIB MPHU

TOBIIMHAX JIUTUX 3aroTOBOK 2 1 4 MM 13 TeMIlepaTtyporo meperpiBy At = 5° 1y

y3araJbHEHOMY BHUTJIAII MMOJaH1 y Tabmwmii 3.3.

Tabmuus 3.3

Pesynbrati 00YMCITIOBAIBHOTO €KCIEPUMEHTY TSI TOCIIKYBaHUX CIIJIaBIB

Cnias
Mapanerp AJI3S AMrS B95
Toswuna 3a20mo6xu 0 = 2 um
[IBuakicTs po3muBku V, M/c 1,238 1,354 0,87
Yac gocsarHeHHs piBHS BUXOMY 3 BaJKiB 0,093 0,085 0,1324
(H=0 mm) 7, ¢
Temmneparypa noBepxHi mraou t,,.,, °C 527,45 529,5 441,12
Temnepatypa 1ienTpy mradu t,, °C 590,11 568,27 470,09
Toswuna 3a20moséxu, 0 = 3 MM
[IBuakicTs po3auBku V, M/c 0,773 0,859 0,56
Yac 10CSITHEHHS P1BHSI BUXO1Y 3 BaJIKIB 0,15 0,1336 0,2057
(H=0 MmMm) 7, C
TeMmeparypa noBepxHi mraom t,,.,, °C 502,3 512,23 428,08
Temnepartypa 1ientpy mraodu t,, °C 591,9 568,09 470,3
Toswuna 3acomoséxu, 0 = 4 um
[IBuakicTs po3auBku V, M/c 0,535 0,619 0,406
Yac 10oCsSIrHEHHS PIBHSI BUXOY 3 BaJIKIB 0,216 0,186 0,284
(H=0 mm) 7, ¢
TeMmneparypa noBepxHi mraou t,,.,, °C 477,47 496,24 415,27
Temneparypa nentpy mradu t,, °C 588,25 568,04 469,17

Pe3ynpTaToM 1bOro eramy oOYMCIIOBAIILHUX €KCHEPUMEHTIB CTAJId OTPUMAaHI

eJIEeMEHTapHl aHAJTITUYHI 3aJeKHOCTI BUAY V = f(At), 110 JO03BOJSAIOTH BU3HAUUTU

IIBUJIKOCTI BAJIKOBOI PO3JMBKH I BCIX JOCTIIKEHHUX CIUIABIB 3 OTPUMaHHIM

JIMCTOBOI 3arOTOBKH 3a/1aHO1 TOBIIMHU — 2, 3 Ta 4 MM Yy NPUB'SA3II JUIIE A0 OJHOTO
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TEXHOJIOTIYHOTO ITapaMeTpa PO3JIUBKHU — TeMIIepaTypu Neperpiry posmiasy (A4t, °C) Bix

2 no 20 °C [119].

ns cnmaBy AJ[35:

0=2mm-V = (1371.2 - 4.15 ‘At)- 103, r?= 98.85; (3.12)
0=3mm—-V = (785.83 - 3.04 ‘At) - 1073, r>=98.85; (3.13)
o =4mm—V = (540.42 - 1.49 ‘At) -1073, r>=99.55. (3.14)
Jns cutaBy AMrS:

0=2mm-V = (1253.8 - 4.02 ‘At) -103, r’=99.5; (3.15)
d=3mm—V =(872.9 -2.26°'At) -103, r?= 98.51; (3.16)
d=4mm—V = (625.94 — 1.65 ‘At) -103, r>=99.52. (3.17)
[ns cnmaBy B95:

d=2mm—V = (884.6 —2.58 ‘At) -103, r?=97.69; (3.18)
0=3mm—V =(565.43 - 1.2 ‘At) -103, r>=98.67; (3.19)
o =4mm-V = (409.35-0.78'At) -10°3, r>=98.58. (3.20)

Otpumani piBHAHHS perpecii MarTh KoedimieHT aerepminamii r? (ToOTO
BiJICOTOK €KCIEPUMEHTAIbHUX TaHUX, SIKUH MO)KHA TMOSCHUTH MOJEIUIIO) HE HIDKUE
95%.

AJne B peajbHUX YMOBaX Ha CTAOUIbHICTh MPOLECY BAJIKOBOI PO3JIMBKH METAIIB
BIJIMBA€E OLIbIIa KIJIBKICTh TEXHOJOTIYHUX MapaMeTpiB. Tomy Il BUBYEHHS YMOB
dbopMyBaHHS JIUTOi JIICTOBOI 3aroTOBKM OylIM TIPOBEJCHI OOYHCIIIOBAIIBbHI
EKCIIEPUMEHTH 3 OUIBIIOI KUIBKICTIO 3MIHHUX (TOOTO TEXHOJOTIYHUX MapameTpiB
BaJIKOBOI PO3JIMBKH). SIK 3MiHHI B IUX €KCIIEpUMEHTaxX Oynu 0OpaHi Taki mapaMeTpu:
TOBUIMHA 3ar0TOBKU (0 — 2+4 MM); KyT MeHicka (f — 10+33 rpan.); paaiyc Banka (R —
200+400 mm); TeMriepatypa mneperpiBy posiuiapy (4t = 10+60°C) [118, 119].

VY pe3ynbTaTi 00UHCIIOBAIBHOTO €KCIIEPUMEHTY 3 TIOCIIIOBHUM BUKIIIOUCHHSIM

HE3HAuYHUX (AKTOpPIB METOAOM IMOKPOKOBOI perpecii pe3yibTaTiB ISl  BCIX
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QJFOMIHIEBUX CIUIABIB OYJIM OTpUMaHI yHIBepCcalibHI piBHAHHS BUAY V = f(0, f, R, At),
B SIKMX BPaXOBY€ETHCS OLIbIIA KITBKICTh TEXHOJIOTIYHUX MTapaMeTpiB PO3JIUBKH.

Jns crinaBy AJ135 piBHSIHHS Ma€ BUTIIS!

V=(-55435+4755p+324R-14.77 6 f—-1.1 0R+0.12R—-0.11 54t

+56.445?) -10°3, (3.21)

Jns cutaBy AMrS:

V=(-591.7+5182p+337R-16.950p—-1.160R+0.14 S R—0.11' 5 At +
60.39°6) -1073. (3.22)

Jns cninaBy B9S5:

V = (- 440.35 + 30.63'8 + 2.49'R — 11.08'5°8 - 0.88'5'R + 0.1'f-At + 47.365%)
10, (3.23)

VY pesynbTari NpoBEICHHS OOYMCIIOBAIbBHUX €KCIEPUMEHTIB OYJI0 BU3ZHAUYECHO
ONTUMAaJIbHI IIBUJKOCTI BaJKOBOI PO3JMBKH JJISl BCIX JOCIHIIKYBaHUX aJIOMIHIEBUX
CIUIaBIB 3 ypaxyBaHHSM IIUPIIOTO CIIEKTPa TEXHOJOTIYHUX MapameTpiB (Tadi. 3.4).
Po3paxoBani 3a piBHsHHAME (3.21-3.23) 111 KOHKPETHHX TEXHOJOTIYHUX PEKUMIB
PO3JMBKH JOCITIKYBAaHUX CIUIaBIB PIBEHb JIHIWHUX MIBUJIKOCTEH BUXOMY JIUTUX
JUCTOBUX 3aroTOBOK 3 BAJKOBOT'O KpHUCTali3aTopa MOKa3alM XOpOIy KOPEJAILio 3

(aKTUYHUMH X 3HAYEHHSMH Ha Ja0OpaTOPHINA yCTaHOBIII.

3.3. Temno00MiHHI mpomeci NpM BaJKOBi po3aMBLI MeTadiB 1 IX
onTHUMi3anis.

BaxnuBy ponb ¢GopMmMyBaHHI CTPYKTYpPH Ta BJIACTHBOCTEH METaiB y JUTHX
3aroTOBKax I'paroTh TEMI0o(i3uuH1l yMOBU (opMmyBaHHs. Binomo, 1o npu 30epekeHH1
OJTHAaKOBOT'O XIMIYHOT'O CKJIaay CILJIaBy BJIACTHUBOCTI JIUTOTO METAIy MOXYTh CYTTEBO
3MIHIOBATHCh B 3aJIEKHOCTI B/l XapAKTEPUCTHUK iX KPUCTATTYHUX CTPYKTYP, K1, Y CBOIO
4epry, BA3HAYAIOTHCS YMOBaMH OXOJIO/DKEHHS (TOOTO TeMIepaTypHUM PEXUMOM, TIPU

AKOMY BIIOyBa€eThcsl Kpuctamizarmiss metany) [121-126]. Tomy posriasHeMO aesiki
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0COOJIMBOCTI TEMJIOOOMIHHUX IPOIIECIB, IO BiIOYBAIOTHCA MDK PIIKUM METAJIOM Ta

BaJIKOBUM KPHUCTAJII3aTOPOM.

Taomui 3.4

Pe3ynbrat 00YMCIIOBAIBHOTO €KCIIEPUMEHTY JUISI TOCIIPKYBAHUX CILIaBIB

A135 AMTrS B95
NeNe | 0, mm | f,rpaa. | R, mm | A4t, °C
n/n HIBMAKICTH PO3JIMBKH CILIABY V,
m/c
1 2 10 200 10 0,367 0,4021 0,2597
2 2 10 200 60 0,3116 0,3466 0,2345
3 2 10 400 10 0,7353 0,805 0,52
4 2 10 400 60 0,6241 0,6942 0,477
5 2 33 200 10 1,2087 1,3241 0,855
6 2 33 200 60 1,0261 1,1414 0,772
7 2 33 400 10 2,4215 2,6514 1,7126
8 2 33 400 60 2,0556 2,2862 1,7419
9 4 10 200 10 0,1587 0,1842 0,1213
10 4 10 200 60 0,137 0,1601 0,116
11 4 10 400 10 0,3193 0,3692 0,248
12 4 10 400 60 0,2754 0,32106 0,2243
13 4 33 200 10 0,5269 0,6066 0,3996
14 4 33 200 60 0,4512 0,5273 0,382
15 4 33 400 10 1,0515 1,2158 0,8168
16 4 33 400 60 0,9069 1,0573 0,73864
17 2 20 300 30 1,009 1,1127 0,7339
18 4 20 300 30 0,4403 0,5118 0,3438
19 3 10 300 30 0,3189 0,3614 0,24072
20 3 33 300 30 1,0505 1,19025 0,79272
21 3 20 200 30 0,4174 0,4736 0,2972
22 3 20 400 30 0,8375 0,9489 0,5957
23 3 20 300 10 0,6697 0,7104 0,4935
24 3 20 300 60 0,5736 0,6534 0,4463
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[HTEHCHUBHICTD TIEpPebiry TEIUIOOOMIHHMX MPOIIECIB MiXK PO3IJIABOM 1 BaJIKOBUM
KPUCTAIII3aTOPOM BIJIrpa€e MPUHIIUIIOBO BAXKIMBY POJib Y (OPMYBaHHI CTPYKTYPH Ta
BJIACTUBOCTEHN JIMCTOBOI 3arOTOBKH, a TAaKOX € TOJIOBHUM (PAKTOpOM, IO JIMITY€E
MIBUJKICTh PO3TUBKU MeTaly. ToMy, IEpI HIXK MPUCTYIUTH 10 BUKIIATY PE3yJIbTaTiB
JOCTIKEeHb, JIOIIBHO IMPOBECTH EJIIEMEHTApHUN TEOPETHMYHHUI aHali3 TEeIIOBOrO
OaslaHCy BaJIKOBOTO KpHCTajizaropa. SKIIo po3riasgaTd BaIKOBUN KpUCTAII3ATOP SIK
TEIUI0O0OOMIHHHUH anapart, TO TeIUIOBHUI OaaHc Woro MatuMe BUIIIT [94]:

Quav. = Qs + Q1+ Q2 + Qi (3.24)
ne Quqy. — TEIIO, 1O BHOCUTHCS PIAKUM METAJIOM B Kpuctaiizatop; Q, — Tero, 1o
BIJIBOJIUTHCA OXOJIO/UKYIOUUM KpHUCTaNi3aTop TeIuioHocieM; Qi1 — BTpaTH TeIuia Ha
IPOMEHEBUITYCKaHHS 4Yepe3 BIIKPUTY IMOBEPXHIO MeTany; Q. — BTparu Teria Ha
NOYaTKOBUH MpOrpiB KpHcTaiizaTopa; Q. — Temio, mo iae 3 Kpucramgizatopa i3
3ar0TOBKOIO.

BpaxoByroun, 1m0 y Bupasi (3.24) abcomtotHi 3HaueHHs Q1 1 Q2 1CTOTHO MeHIIIe
II0JI0 1HIIMX JI0AAaHKIB, TO HUMHM MOKHA 3HEXTYBATH 1 TOJI1 TEIJIOBUI OajaHC MaTUMe
BUTJISI;

QHaLt. = Q@ + ny. (325)

B kiHnmeBoMy MiACYyMKY TEIUIO, IO MIiABOAMTBCA JO MEXKI TBEPAHEHHS,
MePEeIAEThCS 10 OXOJIOHKYIOUOi BOJM Yepe3 KIPKY 3aTBEpALIOro MeTtainy ¢ 1 0aHmax
BaJIKa-KpUCTaJI3aTopa Oy 3arajbHUM ePEeKTUBHUI KOe()IllEHT TEeroBiAnayl Bij

P1AKOTO METay A0 OXOJIOIKYBaJIbHOT BOJH (i) MOKHA BUSHAYUTH 3 BUpasy [94]:

@, =—, (3.26)
i+2r
(04

1€ O, — KOC(IIEHT TETUIOB1AIaul BiJ] p1IKOTO METaJTy 10 CTIHKW KpUCTali3aropa; 2y —
CyMa TPOMDKHHMX TEPMIUYHHUX OMOpiB (3aTBepijia Kipka, OaHgaXx BaJika-

KpUCTaIi3aTopa).
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TouHe BU3HAYEHHS NPOMDKHUX TEPMIYHHMX OIOPIB Yy pealbHUX YMOBax
IPAKTUYHO HEMOXKIIMBE, TOMY B pO3paxyHKax MPUHMAIOTh, 0 KUTBKICTh Temia Q, 1o
NepeslacThCs  KpPUCTAIi3aTopy, JOPIBHIOE KiMbKOCTI Temia Qg BiABEICHOMY
OXOJIOKYBAJILHOIO BOJIOI0, 1 BU3BHAYAETHCS HACTYITHUM YHHOM [94]:

Q = Q6 = Ge'(t26 - t]@) = m'C'(t26 - t]e), (327)
ne G, — BUTpaTa BOJIM Ha Kpucrtamzarop; t;, u t,, — TeMreparypa Boau Ha BXOl Ta
BHUXOJI1 3 KpUCTajIi3aTopa; M — Maca BOJM B KaHaIax Bajika; C — mUTOMa TEIIOEMHICTh
BOJIY.

3 iH1moro 00Ky, KIIbKICTh Teruia (Q,), 110 BIABOIUTHCS 3 TOBEPXHI BaJIKa 3a 4ac
MPOXOJKEHHS OJHI€T MOPIlii BOAU (BI BXOAY JO BUXOJY 3 HbOIO), 3a TOU K€ 4Yac

MO’KHA BU3HAYUTH HACTYITHUM YHHOM [6]:

Qs = aFAt T, (3.28)
e 0 — KoedIeHT TEeIIOBIAIaul 0 OXOJO/JKYBaJIbHOI BOoau; F — rmomia
TeIUI000MiHY Bajka, Al — Tepenaa TeMIeparypd MDK ITOBEpXHEH Bajka Ta

OXOJIOJIPKYBAJIbHOKO BOJIOIO; T — TPUBAIICTh TEIJIOOOMIHY MiX OJHIEIO TMOPIIIEI0
OXO0JIOJIPKYBaJILHOI BOJIU Ta KPUCTATI3aTOPOM.
Bupimyroun crinsHO piBHsSHHS (3.27) 1 (3.28), MOKHA BHU3HAYUTH KOE(DIIIEHT

TEIUIOB1IJIaul O OXO0JIOKYBaJIbHOT BOJIU:

_ m-C(tzg—t1)
q = TEtmtn) (3.29)

OueBuHO, IO TEIUIONEpeaya Yepe3 TEPMIuH1 MpoMikHI Oap'epu (3aTBepaiia
KipKa, OaHmax  BajKa-KpUCTali3aTopa)  BH3HAYAEThCS  1X  (Pi3uyHUMEU
XapakTepucTuKaMu. BiMmoBigHO, €IMHOKO CTAJI€I0, HA K1 MOYKHA KOHTPOJIFOBATH Ta
KepyBaTH TEIUIOOOMIHHUMU TMPOIECaMH, € Terulonepeaava Bil OaHmaXy Bajka 0
0XOJIOI)KYBAJIbHOI BOJIU.

Jns 3abe3reueHHs] CTIMKOCTI mpolecy Oe33JMBKOBOI MPOKATKH METaJIEBUX

CIUTaBiB HEOOXIAHO 3a0€3MeUnTH TaKy 1HTEHCHUBHICThH TEIUIOBIABEJCHHS BiJ MeETamy,
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10 PO3JIUBAETHCS, MPU IKOMY Ha MTOBEPXHAX BaJIKiB-KpucTami3aropiB TBepaHe 10-15%
MDKBaJIKOBOTO 00csTy po3muiaBy [70, 83, 86]. Toxmi 3a BigoMOIO MacoI0 PiAKOTO METAITy
MDK BaJIKAMH MOKHA BU3HAQUUTH MIHIMAIbHY KiIbKICTh Teria (Qmin), AKe HEOOXITHO
BIJIBECTH BiJ PO3IUIaBy MeTally 3a oAuH 00ir BajikiB. Lle Ttemno (Qmin) CkIagaeTbes 3
JIBOX JTOJAHKIB 1 HOTO MOKHA BU3HAYNTH TaK:
Qmin = Qnep. + Qn/z.; (330)

ne Quep — Temwio mneperpiBy posmiaBy wmertalny; Q.. — TemioTa IJIaBlIeHH
(xpucramizauii) Metany. Ilpu npomy temno neperpiBy (Qnep.) pO3paxoBYyeThCS 3a
dopmynoro (3.27), B skiih 3amicTh t;, 1 t;; BUKOPUCTOBYETHCS lyis TA tnep, TOOTO
TeMIepaTypa JiKBIAYCy CIUIaBY, IO PO3IUBAETHCS, 1 TEMIIEpATypa MEPETPiBY pO3IIaBy
MeTajy, a 3aMiCTh MUTOMOI TEIJIOEMHOCTI BOJAM — IMUTOMa TEIUIOEMHICTH METaly.
Tennora mnaBneHHs Metany (Q,) 3aJI€KHATHh BiJ] TUIY METAJICBOTO CIUIABY Ta €
JIOBIJIKOBOIO XapaKTEPUCTHUKOIO.

Sk1110 npy BUXO/11 3arOTOBKH 3 BAJIKIB-KPUCTAII3aTOPIB HE IOTPUMYBATUMETHCS
ymoBa Qg > Qmin, TO TpoIiec 0€33TMBKOBOI MPOKATKU MeTamiB Oyae HecTIUKuM. ToOTo
B I[bOMY BHUIIaJIKy METaJl Ha BUXOJ1 3 BAJIKIB NiepeOyBaTUME B TBEPIO-PIAKOMY CTaHi,
10 MPUITYCKA€ BUCOKY MMOBIPHICTh PYWHYBAaHHSI 3arOTOBKH, 1[0 BIJIMBAETHCS, YEPE3
HU3bKI BJIACTUBOCTI MIIHOCTI. TOMy BCTaHOBJIEHHSI 3aKOHOMIPHOCTEW TEIMIO0OMIHY
MDK METaJIOM, II0 PO3JIUBAETHCS, 1 KPUCTAII3aTOPOM B 3aJI€KHOCTI BiJl TEXHOJIOTTYHUX
napameTpiB 0€33MBKOBOI MPOKATKH METATIB € AYXKE BOKIUBUAM 3aBIaHHSIM 3 TOUKH
30py 3a0e3nedeHHs CTablIbHOCTI IIHOTO TPOIIECY.

V 11i#i po6OTI BUBUEHA MOKIIUBICTh YIIPABIIHHS TETUIOBIIAYEIO BiJl METAIY, 1110
TBEpJIHE, JO OXOJIO/)KYIHOUOi BaJIKOBUM KpuUCTami3zarop Boau. JlocmikeHHs
MPOBOJIMIINCH 32 PO3POOJECHOI0 METOIUKOI (Hi3UYHOTO MOACIIOBAHHS (TMYHKT 2.4,
PO3/IIJT 2). Sk Baxkeni mJig KepyBaHHS TEIJIOOOMIHHUMHU MPOLIECAMU MPU BAJIKOBIM
PO3JMBLI METaNIB 3aCTOCOBAHI: MIBUAKICTh PyXYy BOJM B 3aKpUTHUX KaHANIaX BaJIKiB-

KpUCTAII3aToOPiB, 30UTBIIEHHS TUIONI TMOBEPXOHb TEIUIOOOMIHY BaJIKiB, a TaKOX
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HABEJICHHS IITYYHO! MIOPCTKOCTI HA BHYTPIIIHIX TOBEPXHAX BaJKIB, 10 KOHTAKTYIOTh
3 0XOJIOKYBAIBHOIO Bojioto [127, 128].

Ha moyaTkoBiii cTaaii IIbOro eramy AOCHIPKeHb SK KOHTPOJBbHI (BHXI1JIHI)
opieHTHpHU OynM BU3HAUEHI MapaMeTpu TEIUIOOOMIHY M1k BaJIKOM-KPHUCTAII3aTOPOM 1
OXOJIO/KYBAJILHOIO BOJIOKO JIJIS1 PI3HUX IIBUAKOCTEH BUTATYBAHHS 3aTOTOBOK 3a THIIIMX
piBHUX yMOB (puc. 3.9). Ha npoMy pHCYHKY MNpeJCcTaBjieHa 3aJeXKHICTh KUIBKOCTI
TeIIa, MO0 BIABOJUTHCS OXOJIOHKYBALHOIO BOJIOKO 32 Yac il MPOXOKEHHS B BXOITY
JI0 BUXO]Ty 3 BaJIKa, po3paxoBaHi 1o 3ajiexkHocTi (3.27). 1l po3paxyHku mpoBeaeHi s
YUCTOrO AJIOMIHIIO TIPU MOTO PO3JMBIN Y CTAaHAAPTHUI BAJIKOBHM KpHUCTAII3aTOp 3
IJIaIKOI0 TIOBEPXHEIO TEIJIOOOMIHY /ISl pI3HUX TeMImepaTyp neperpiBy. baunmo, 1o
IHTEHCUBHICTh ~ TEIUIOOOMIHY MK  OaHZaXOM  BajJKa-Kpucrajgizaropa  Ta
OXOJIOZ)KYBAJILHOIO BOJIOKO CYTTEBO 3HMKY€ETHCS ITPH I1JIBUILEHH] J1HIHHOT IIBUJIKOCTI
po3nuBku. Hampuknan, npu neperpisi posmiaBy MeTalny Afu,, = 40°C Ta mHIAHOI
mBuakocti po3nuBkun W, = 0,1 m/c kuibkicTh BiaBeneHoro termia (Q,) IOpiBHIOE
750x10° Ik, a U1 IBUAKOCTI W, =0,7 m/c — 270x10° JI>x, TOOTO KiNbKiCTh TEILIA, IO
B1JIBOJINTHCS, 3HU3WIIACH B 2,8 pasm.

OCHOBHUI BUCHOBOK 3 IIbOTO PUCYHKA MOJISITA€ B TOMY, 10 ITBUKICTH BAJIKOBOI
PO3TUBKU JIJII YUCTOTO altoMiHIIO (1 CIUIaBiB, OJIM3bKUX JO YHCTOTO AJFOMIHIIO)
noBuHHa BiAnosizatd ymoBi W, < 0,75 m/c (Buuie 3a MyHKTUPHY T'OPU3OHTAJIBHY
niHi0). Lle moB's3aHO 31 3HM)KEHHSIM TPHUBAJIOCTI KOHTAKTHOTO TEIUIOOOMIHY MIiX
METajoM, IO PO3JIMBAETHCS, 1 KPUCTATI3aTOPOM 1, BIJIMOBIIHO, OXOJIOKYBaJILHOIO
BOJIOI0 TIPH MMIABUIICHHI 4acTOTH oOepTaHHS BajikiB. Tak, mMpwW JHINHINA MIBUIKOCTI
po3nuBku posmiaBy W, = 0,05 M/c TpuBaiicTh TEMIIOOOMIHY Mi’K OXOJIOKYBaJIbHOIO
BOJIOIO Ta METaJIOM (uepe3 OaHax KpucTanizaTopa) CTaHOBUTH <~ 6 c., a mpu W, = 0,5
M/c — = 0,6 c. BianoBigHo 10 3anexHocTi (3.28) KiIBKICTh TEIIa, M0 BiJIBOJIUTHCS
OXOJIO/KYBAJIbHOIO BOJIOK0 MPSIMO MPOMOPLIMHO TPHUBAIOCTI MPOLECY TEIIOOOMIHY

MIDXK OXOJIO/[KYBAJILHOIO BOJIOIO 1 KPUCTATI3aTOPOM.
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Puc. 3.9 — Kinpkicte Temia, IO BIABOJAUTHCS OXOJIO/KYBAJIBHOK BOJOIO

MPOTATOM OJIHOTO OOOPOTY BaJIKa-KpHCTalIi3aropa: 1 — npu neperpisi po3ruiaBy MeTainy

Atyep. = 40°C; 2 — Atyep. = 20°C; 3 — Atyep. = 10°C

BpaxoByroun, 110 MIBUIAKICTh BaJKOBOI PO3JIMBKH METATIB 3aJICKHUTh BIJl
TEMJIOOOMIHHUX TIPOIIECIB Yy KpHUCTai3aropi, B poOOTI Oyid BUKOPHUCTaHI PIi3HI
NPUMOMU JIJIsl MIABUIIEHHS 1HTEHCUBHOCTI TEIIOOOMIHY MK BaJKOM Ta BOJOIO, IO
OXOJIOMKY€E. J{J1 bOrO BUBUEHO BILIMB TaKMX MPHUIOMIB, SIK 3MiHA IIBUAKOCTI pyXy
OXOJIO/KYBAJIbHOT BOJM, IIJIBUIIEHHS IUIOMNII TMOBEPXOHb TEIUIOOOMIHY OaHIaxiB
BaJIKIB, & TAKO>K HABEJIEHHS IITYYHOI IOPCTKOCTI Ha BHYTPIIIHIX OBEPXHAX BAJIKIB HA
KUIBKICTB TEIUIA, IO BIABOJAUTHCS OXOJIOIKYBAIHLHOIO BOJOO.

OtpumaHi B XOA1 JOCHIIKEHb PE3yJbTaTH I[OKAa3yl0Th, HANpPUKIA, IO
NIJBUIIEHHS IIBUJKOCTI PyXy OXOJO/DKYBaJIbHOI BOAM B KaHAJIax BaJKiB-
KPHUCTAI3aTOPiB MPU3BOIUTH 110 IHTCHCH(IKAIi TEIIOOOMIHHMX NPOIECIB B HHUX
(Tabm. 3.5). ¥V wmiif Tabauii HaBeAEHO MapaMeTpu TEIIO0OOMIHY MK KpUCTaIi3aTOPOM

Ta OXOJIO/KYBAJILHOIO BOJIOIO 3aJIe)KHO BiJI IIBUIKOCTI i pyXy B3JOBXK IOBEPXHI
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Ter1000MiHy (111 pe3yJbTaTH OTPUMaHi ISl BapiaHTa JIHIMHOI IIBUJIKOCTI BaJIKOBOT

po3muBku 0,3 M/c).

Taomung 3.5

[TapameTpu TEI000MIHY M1’ OXOJIOJKYBJIBHOIO BOJIOIO Ta TETUIOB1IBITHOIO

MOBEPXHEIO BaJKa-KpHUCTaIizaTopa Mpy MBUAKOCTI po3nuBkH 0,3 m/c

NeNe IHapameTp Tenji000MiHny
n/n W, T, 0oy *10° | Qu*10° | AP,*10° | tu, tze,
m/c c Bt/m?-°C JIF Ia °C °C
1. 0,2 1,0 15,9 515 0,158
2. 0,5 0,4 42,4 546 0,987
3. 1,0 0,2 90,7 584 3,95
4. 1,5 0,13 147,5 618 8,89
5. 2,0 0,1 202,5 652 15,8 - o
6. 2,5 0,08 260,8 673 24,7 ;" H
7. 3,0 0,067 318,6 685 35,6 = =
8. 4,0 0,05 432,3 696 63,2
9. 6,0 0,033 667,9 708 142,2
10. 8,0 0,025 887,6 719 252,8
11. 10,0 0,02 1137,5 728 395,0

BcTranoBieHo, 1110 Mpu MiJBUIIIEHH] 3HaY€Hb IIBUIKOCTEHN pyXy BoJU 110 2,5 M/C

CIIOCTEPITaEThCSA BaromMe 30UIBIICHHS TEMITYy TEIUIOBIABEICHHSA. AJie TOAabIIe

IJIBUIIICHHS IIBUJIKOCTI PYXy BOJM HE MPU3BOJIUTH JI0 TTOMITHOT'O 3POCTAaHHS TEILIa,

10 BiABOAUTHCA. Tak, Mpu M'ATIECATUKPATHOMY MIABUILIEHHI IIBUIKOCTI PYXy BOJHU

CIIOCTEPITraEMO 3POCTAaHHS TeIla, IO BIJBOJAWUTHCH, BChoro juie Ha 61%. Il

pe3ysbTaTh A00pe y3ro/KYIOThCS 3 BIJIOMUMH JOCHIPKCHHSIMU B TaJly3l aTOMHO1 Ta

TEIJIOBOI €HEPreTUKH, A€ IS PI3HUX KOHCTPYKLIA TErIOOOMIHHUKIB ONTHUMAalbHA

MIBUKICTh PyXy TEIIOHOCIS (BOJM) cTaHOBUTH Bix 1,5 1o 2,0 m/c [129, 130]. Ane npu

IbOMY Tpeba BpaxoByBaTH, IO MIABUINCHHS IIBUJIKOCTI PYXy I OyIb-SKHUX

KPaIUIMHHUX PIAWH (IO TaKUX BIIHOCHUTHCS 1 BOJAA) MPU3BOAUTHL 0 3HAYHHUX BTpaT

T1IpaBIIYHOTO HAMIOPY HA MOJOJAHHS CUJI TEPTH.
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3arajioM 1Ji1 TaKUX PIIMH BTpaATH TiJipaBiiyHOro Hamopy (AP) Ha moaojaHHS

CHJI TePTS MOKHA BU3HAYUTH 3a (hopmyroro [131]:
W2
AP = &rp - (3:31)
ne &y — Koe(IIeHT TiapaBIiyHOTO TePTA; p — I'YCTHHA TerioHocis; W — MIBUIKICTh
PYXY TEIUIOHOCIS.

Jns  nmamMiHapHOTO  XapakTepy pPyXy KpaleldbHOi pPITUHU  KOE(IIEHT

TiAPaBIIYHOTO TEPTS BU3HAYa€eThCs hopmydoro [Tyazerins [131]:

— 649
cm = (3.32)

1e @ — KoeiieHT, o 3a1eXUTh Bl OpMU KaHaTy.
[Ipu TypOyleHTHOMY PEXUMI PyXy Takoi PIAMHM KOEQILIEHT T1IPaBIIYHOTO

TepTs BU3HaYaeTbesa (popmynoro biasiyca [131]:

03164

Cn = = (3.33)

Po3paxyHku 3a HaBeneHumu 3aiexxHoctssMu (3.31 — 3.33) nmokasyroTb, 10 Y
eKCIIEPUMEHTaX M'SITUIECATUKPATHE 30UIbIIEHHS MIBUAKOCTI PYXYy BOJAU IPU3BOJIUTH
JI0 3pOCTaHHS BTpAT TiApaBIiYHOrO Hamopy BTpudi (Tadd. 3.5). 3 4oro BUILIMBAE, IO
TSl THTeHCHU(IKaIli TerT00OMIHHUX MPOIIECIB Y BAJIKOBOMY KPHUCTaII3aTOP1 MUIIXOM
30UTBIIIEHHS IBUIKOCTI PYyXY OXOJIO0/IKYBAJIbHOI BOJI MOTPIOHO O1JIbIIIE EHEPTeTUIHUX
BUTpAT Ha Horo peanizanito. Lle npusBeae A0 pi3KOro miJBULIEHHS TUCKY BOJU y BCIH
CUCTEMI OXOJIOJKEHHS KpUCTali3aTopa B IJIOMY 1, IK HACIIIOK, IO 3POCTaHHS BUMOT
0 MEXaHIYHMX XapaKTepUCTUK BCIX JeTajeil KOHCTpYKuUli (y TOoMy 4HCIHi
VIIUIbHIOBAJBHUX €JEMEHTIB), IO 3YMOBIIIOE€ TMEBHI TEXHIYHI CKJIAQAHOCTI MpH
MPaKTUYHIN peati3allii boro cnoco0y Ta BiTHOCHO HU3bKY €KOHOMIYHY €(DEKTUBHICTD.

binbm Bucoka €(EeKTUBHICTh TEIUIOBOI POOOTH BajJKOBOTO KpHCTalli3aTopa
OTpUMaHa MPU BUKOPUCTAHHI JIBOX IHIIUX MPUHOMIB IHTEHCH(IKAIIT TETITIO0OMIHHUX
MPOIIECIB Y HHOMY: 30UIBIICHHS TUIONI TTOBEPXHI TEIIOOOMIHY, a TaKOX HABEICHHS

HITYYHOI IMOPCTKOCTI Ha Oanaaxkax BajkiB (puc. 3.10). 3 nporo pucyHka 6auyumo, 1o
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JIJIS1 BCIX PO3IVISTHYTUX BapiaHTIB pelibe(iB MOBEPXOHB TEIJI0O0OMIHY OaH 1a)KiB BaJIKiB,
3 MiJBULICHHSIM IIBHKOCTI pyXy BOJIU BiIOyBa€ThbCs 1HTEHCU(DIKAIS TETTOOOMIHHIX
MpoIIeCIB B KpUCTali3aropi B pi3HIA Mipi. KuIbKOCTI Teria, MO0 BiJBOJUTHCS
OXOJIO/KYBAJILHOIO BOJIOIO 32 4ac ii MPOXOKECHHS BijJ] BXOMY /10 BUXOIYy 3 Bajka,
pO3paxoBaHi 1Mo 3aexHocTi (3.27).

Q, , [l 10°

800 =

18]
m
bt

700

600

500
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Puc. 3.10 — 3anexHiCTb IHTEHCHBHOCTI TEIUIOBIABEACHHS Yy BAJIKOBOMY
KpUCTAII3aTopl BiJ HIBUIKOCTI PYXYy OXOJIOKYBAJIbHOI BOAM: | — MpU TIagKOMy
penbedi MoBEepXHI TEIII00OMIHY OaHIaka BajKka; 2 — 0aH1ax 3 MO3/I0BKHIMU pedpamu;

3 — 6aHJaX 3 MOMEPEYHOI0 HIOPCTKICTIO

[IpuBeprae yBary TOW (akT, MmO A8 peOpPUCTUX TNOBEPXOHb CTYIIHb
iHTeHcu(DiKaIlii TerI00OMiHY HE 3aJIeKUTH BiJl MIBUAKOCTI pyxy Boau (puc. 3.10, kpusi
1 1 2). To6To abcomrOTHA KUIBKICTh TEIIA, IO BIJBOJUTHCS IMPU BCIX 3HAYCHHSIX
HIBUIKOCTEN PyXy OXOJIOKYIOUOi BOAM 30UIBIIYETHCS MPUOIM3HO HA OJHY 1 Ty XK
BEJIMUYMHY. XOYya TEeIUIO, L0 BIABOJUTHCSA OXOJOKYIOUOI BOJOI0, MAa€ MPSIMO
MPOMOPIINAHY 3aJ€XKHICTh BIJ IUIOHI TMOBEpXHI TermnooOMiny (popmyna 3.28), B

OTPUMAaHUX pe3yJibTaTax Taka TMpOMNopLis HE JIOTpUMYeThbCA. Tak, B YMOBax
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MIPOBEJICHHS €KCIIEPUMEHTIB 30UIBIICHHS TUIOIII MOBEPXHI TEIJI00OOMIHY OaHIaXiB
BaJIKIB 3a paxyHOK MO3MOBXHIX pebep Ha 50% miaBHINYye KIIBKICTH TEIJa, IO
B1JIBOJIUTHCS BOJIOIO, JIUIIE Ha 6 + 16% 3a1exH0 B1J IIBUIKOCTI 11 pyxy. Lle mos'sa3ano
3 TUM, 110 30UIBIICHHS TUIOIII MTOBEPXHI TEIJIOOOMIHY 3HIIKY€E 3HAUCHHA Koe]ilieHTa
TEIJIOBiA/Ia4l BiJ OaHJaXKIB BaJKIB O OXOJIOKYBAIbHOI Boau (MuB. hopmymy 3.29).
Tomy KUIBKICTH TeIIa, IO BIABOJUTHCS BOJOIO, IMIJBHIIYETHCS HE TaK camo, SIK 1
301JIbIIIEHHS TUTOIII IOBEPXHI TETIOOOMIHY.

30BCIM IHIIIKUN XapaKTep TEIJI000OMIHHUX MPOIIECIB Y BAJIKOBOMY KPUCTaII3aTOP1
MU CIOCTEpIraEMO TMPH TEIUIOBIABEIEHHI BiJl TMOBEPXOHb OaHIaXiB 31 MITYYHOIO
nonepeyHoro mopcetkictio (puc. 3.10, kpusi 1 1 3). baunmo, 1110 e(heKTUBHICTH BILIUBY
MONIePEYHUX BUCTYIIIB HA TOBEPXHI TEIUIOOOMIHY Ha KIJIbKICTh TEIlJIa, 110 BiJIBOJIUTHCS
BOJIOI0, CHUTBHIIIIE MPOSBIISETHCS MMPU HU3BKUX MIBUAKOCTAX 11 PyXy B KPHUCTATI3aTOPI.
Hanpukinaz, KMo Opu IBHIKOCTI PyXy BOJIM B3JI0OBXK MOBEPXHI TEIUIOOOMIHY, IO
nopiBHIO€ 0,2 M/C, KUTBKICTh TEIUIa, 110 HEHO BIIBOAUTHLCS, 301bIIyeThes Ha 45%, TO
TIPH IIBUKOCTI BOJH ¥ 8 M/c — Bchoro Ha 11% (mop. mpsami 11 3, puc. 3.10). FimosipHo,
[[e TOB'SI3aHO 31 CTPYKTYpOI TMPHUKOPJIOHHOTO TIAPOJWHAMIYHOTO IIapy, sKa
BU3HAYAETHCS MIBUAKICTIO PYXY BOJIU, IO OXOJIOKYE, B3I0BK MOBEPXHI TEIJIOOOMIHY.

[HTeHCHdIKamis TemI000OMIHHUX MPOIECIB B KPUCTANII3ATOP1 MPU HABEACHH] Ha
MOBEPXHI TEIUIOOOMIHY INTYYHOI WIOPCTKOCTI JIOTIYHO TIOSICHIOETHCS, SIKIIO
IPYHTYBATHUCS Ha CTPYKTYPHUX OCOOJIMBOCTSAX HAOIraro4yoro ripoJuHaMIYHOrO 1Iapy.
3 Teopii IPUKOPIOHHOTO Iapy B1IOMO, IO MIPU PYCl MOTOKY piauHH (200 razy) B3J0BXK
TJIaJIKO1 TOBEPXH1 HA Hilt POPMYETHCS MPUKOPAOHHUHN T1IPOTUHAMIYHUN MIap 3 PI3HOIO
CTPYKTYPOIO 3a HampsMoM repediry ta nepepisy (puc. 3.11) [132-138].

[Tpu manux 3HaueHHAX unceln Peitnonsaca (Re < 2...5-10°) pexum pyxy piauau
3 YyChOTO Mepepi3y MOTOKY B IUPKYJIALIHHOMY KaHaJIl KpUCTajizaTopa Mae JaMiHapHUH
XapakTep. Aje B METaNypriiHiil mpakTuill y OyIb-KUX THUIAX KPUCTaIi3aTOpPIB
3HaueHHs 4uceN PeliHosbaca 3aBkay BiamosigaoTs yMoBi Re > 2...5-10° 10610 1o

BCbOMY I€pepi3y MOTOKY MAaEMO TypOYyJIEHTHUN XapaKTep pyXy piAuHU. AJie HaBITh 1
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pu TYpOYJICHTHOMY XapakTepl Pyxy PIAMHUA B TMOTOIl 3aBXJIHU € T1APOAMHAMIYHUM
MPUKOPIOHHUHN MIap, CTPYKTypa SKOTO CKIAMAETHCS 3 MEPEXiTHOT 30HU 1 B'S3KOTO
naminapHoro migmapy (puc. 3.11). Came B'sI3kuii JaMiHApHUM MTiAmAp 1 € TUM
Oap'epom, SKHMI ICTOTHO JJIMITY€ TeIUIonepenadyy MK OOTIYHOIO TOBEpPXHEI0, 1
pinuHOrO. ToBmMHA 1HOTO B'sI3KOT0 MAMAPY (Js,) B3ANSKHUTH BIA PO3MIPY
TypOYJACHTHOIO AApa MOTOKY (J,,) 1 BU3HAYAETHCA 13 criBBigHOIIEHH: [138]:

Oun = 0,010y (3.34)

_ e TypbynentHe B
TiAPOAMHAMMHMIT -

2 A0pO
MIPUKOPAOHHMIT map - -

JIaMiHapHMIA
nigmap

repexinHa
30Ha

4
1

Puc. 3.11 — CtpykTypa notoxy piaunau (a0o razy) mpu Horo pyci B310BXK II1aJaK01

MOBEPXHI

3arajibHy TOBIIMHY TYpOYJIEHTHOTO siipa B MOTOIll PIIMHA MO>XKHA BU3HAUUTH 3

HACTYITHOI 3aexxHocTi [138]:

0,37-X
Om = Re03’

(3.35)

ne X — BiJICTaHb BiJl KPOMKH OOTIYHOI MTOBEPXHI JI0 PO3TIISAAEMOI TOUKH.

SKII0 BUXOAMTH 3 TOTO, IO TOBIIHMHA B'S3KOTO MiAIIAPYy CTAHOBUTH OJIM3BKO
0,01 yacTuHM 3arajabHO1 TOBIIMHU TypOysneHTHOTO sjpa (3.34), To 3 ¢popmynu (3.35)
CJIiJI, TII0 3 BUJAJICHHSIM B1JI KPOMKHM KPHUCTai3aTopa TOBIIWHA I[LOTO MiAIIapy Oyme

30LIbLITYBaTHCS.
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SKIIO CTPYKTYpY MOTOKY B LUJIOMY PO3IJISAATH 3 TMO3UINT TEMI000OMIHY MIX
MOBEPXHEIO 1 PIAMHOIO, 10 Habirae, To MOXKHa 3pOOUTH BHCHOBOK, IO y B'S3KOMY
JaMIHApHOMY TIJIIapi TEIJIO MepPelacThCsl TEIUIONPOBIIHICTIO, @ B TypOyJICHTHOMY
sanpi — koHBekIi€ero (puc. 3.11). Orxe, y 3araibHOMY IMEPEHECEHH] TEIIa JTIMITYIOY00
CTaJII€I0 € TeIIoNepeiaya TEeIIONPOBIIHICTIO Y B'A3KOMY JIaMiHapHOMY miamapi. Tosi
Koe(illieHT TeruioBiIadl (o) B MOBEPXHI TEIUIOOOMIHY K MOTOKY PIJIMHM MOKHA

BU3HAYWTHU 3 HACTYTHOTO BHUpasy [138]:
A

- Sen.’

(3.36)

a

1e A — TeMJIONPOBIAHICTh PIAMHY (TEIJIOHOCIS); 4, — TOBIIMHA B'SI3KOTO JIAMIHAPHOTO
nimapy.

OTxe, MOKHA TPUITYCTUTH, IO MOCUJICHHS BIJBEICHHS TEIUIa BIJ MOBEPXHI
TEIJI000MIHY 31 IITYYHOIO MIOPCTKICTIO JO OXOJIO/XKYI0UOi BOAM IMOB'sI3aHE 3 IOBHUM
pyMHYBaHHSM B'SI3KOTO JIAMIHAPHOTO MiAIAPy B MPUKOPAOHHOMY T1IPOIMHAMIYHOMY
mapi abo, K MiHIMYM, 31 3MEHIIIEHHSIM HOTO TOBILMHU.

MexaHi3M MiABUIIICHHS IHTEHCUBHOCTI TEIUIOBIIBE/ICHHS B KPUCTAII3aTOP1 IIPH
MITYYHIA MIOPCTKOCTI MOBEPXHI TEIUIOOOMIHY, Ha HAIll MOTJISA, TOJIATAE y TOMY, IO
py HaOIraHHI TOTOKY PIAMHM Ha BUCTYH 33 HUM YTBOPIOETHCS BUXOp, SIKHU pyHHY€E
CTPYKTYPY B'SI3KOTO TiIIapy, TypOyiizyroun ioro (puc. 3.12). BHacninok mporo npu
HE3MIHHIM MIBUAKOCTI pPyXy PpIAMHU B'A3KUA JaMIHapHUW MiAMIAp MOBHICTIO
PYHHYETBHCSI a00 3MEHIIYETHCS 32 TOBIIWHOIO, IO CIPHSE MIABUIICHHIO Koe(ilieHTa
TEIUIOB1I/1aul 0e3 301IbIICHHS TiApaBIiYHUX BTpaT.

[Ipu TakoMy penbedi MOBEPXHI TEMIOOOMIHY J/JisI ONTHUMAJIbHOI TEMJIOBOI
poOOTH KpucTaizaropa HEOOXITHO 3a0e3MeUuTH Taki YMOBHU: BHCOTa BHUCTYIIIB HE
MOBUHHI MIEPEBUIILYBATH TOBIIMHY B'S3KOT0 JIAMIHAPHOTO MIAIIAPY T1IPOJIUHAMIYHOMY
MPUKOPIOHHOMY IIapi, 00 He 301JIbIIYBAIUC BTPATH TAPABIIYHOTO HAOPY; BUXOD,
SKUW BUHUKAE 32 BHUCTYIIOM, MOBUHEH MPUIUHUTH CBOE ICHYBaHHSA 10 3yCTpidl 3

HAacTynmHUM BHcTynoM (puc. 3.12), iHakmie BiH NEPEXOAUTHUME B SAPO TMOTOKY 1
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CTBOPIOBATUME JOJATKOBUM TIApaBIIYHUNA OIMIp; ONTHUMaJbHE CITIBBIIHOIIECHHS
BiJICTaHI MK BHCTyHaMd JI0 iX BHCOTI, 3a SKOTO JOCSTA€ThCSl MaKCHUMalbHa
TEIUIOBIIfaua, Ma€ BiamoBigaTi ymoBi s/ ~ 13 [128].

Y w

—_—

\J;\ :
¥ -z
0 : 2

S
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Puc. 3.12 — Cxema pyliHyBaHHS B'S3KOTO JaMiHApHOTO MiAlIapy B MOTOILI

PIAVHM, 110 PYXA€THCSI, 382 HASSBHOCTI HA TIOBEPXHI KOHTAKTY BUCTYIIIB

OTpuMaHi pe3yibTaTH MOKa3ylTh, LI0 BUKOPHCTOBYIOUM Pi3HI HpUHOMH,
MOXHAa KEpyBaTH TEIUIOOOMIHHMMH TMpPOLECaMU y BAJIKOBUX KpHUCTami3aTopax. 3
MPUKIIAHOI TOUYKH 30py HAMOLIBII ONITUMATILHUM 13 PO3TJIIHYTHUX BapiaHTIB MPUHOMIB
€ METOJl HaBEIEHHsS IIOPCTKOCTI Ha OaHAakax BajKiB, TOMY W10, MOpPsSA 3
IHTEeHCU((DIKAIIE€I0 TEIJIOBIABEAEHHS, TypOyii3alisd B'SI3KOr0 JIAMIHAPHOIO MiAIIapy
BOJM CYTTEBO 3HUKY€E WMOBIPHICTh YTBOPEHHS HAKUITY HA TEIJIOOOMIHHIM MTOBEPXHI.
Hakwur, 110 yTBOpIOE€ThCS Ha MOBEPXHAX OaHAAXIB BaJIKIB, MO-TIEPIIIE, € T0AATKOBUM
TEPMIYHUM  OMOPOM 1, TO-Apyre, TMPU3BOAUTH JO CKOPOUYEHHS TMeEpioxy

PO ITAKTUIHOTO 0OCIIYyTOBYBAaHHSI KPUCTAII3aTOPIB.

3.4. BIuluB riipoAUHAMIiYHUX TA TeMJI0(i3UNIHNX YMOB BAJKOBOI PO3JIUBKH
MeTaJIiB Ha GOpMyBaHHSA JUCTOBOI 3ar0TOBKH.

[TpyuHIMTIOBO BaXKJIMBUMHU JJIs BUBUECHHS PU OE€33JIMBKOBIN MPOKATII METAMTIB €
IPOLECH KpUCTali3alii Ta CTPYKTYpPOYTBOPEHHSI JTUCTOBUX 3arOTOBOK y BaJKOBOMY
KPUCTAII3aTOPi, a TaKOXX BCTAHOBJICHHS 3aKOHOMIPHOCTEH BILUIMBY Ha Il MPOLIECH

TIPOAMHAMIKA PO3IJIaBY B MDKBAJIKOBOMY MPOCTOpPlI Ta TEMIO(I3HUYHUX YMOB
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PO3JIMBKUA MeTally (TeMIlepaTypH IMeperpiBy, IHTEHCUBHOCTI TeIUIOBiABeAeHHs ). s
BUBYCHHSI IIUX MPOIECIB OyJIO MPOBEIEHO CEPil0 EKCIIEPUMEHTIB 3a PO3POOJICHOIO
METOAMKOI0 (h13UUHOTr0 MojientoBanHs (myHKT 2.5, PO31JI 2).

CyuacHa Teopisi KpHUCTali3ailii Haga€ MOXJIMBICTh YIPABIIHHS MPOILECAMU
KpHUCTAaJIi3allii, a TAKOXK MPOTHO3YBAaHHS CTPYKTYPH Ta BIACTUBOCTEH TUTHX METAJIIB Ta
criaBiB. Ha 3aranpHi 3aK0HU 3apOJPKEHHS Ta 3pOCTaHHS KPUCTaJiB Mpu (HOpPMyBaHHI
pealbHUX 3arOTOBOK, 3JMBKIB Ta BWIMBKIB HAaKJIaJalOTbCAd 1€ W MPOIECH
KOHBEKTUBHOI'O MAacOMEpPEeHOCY, 5Kl BIUIMBAIOTh HAa Tepellady Terula MeperpiBy A0
TEIUIOBIABITHOT TOBEPXHI dYepe3 3aTBEpAUTy KIPKYy 1 PIBHOMIPHICTh PO3MOJILITY
NIEPEOXO0JIOHKCHUX JIOKATBbHUX 00CSTIB pO3IUIaBy Io mepepisy [6, 11, 96, 139-143].

Sk Oyno 3a3HayeHO BWINE, HAWOUIBII ONTHUMAJILHOI TiAPOIUHAMIYHOIO
KApTUHOIO P1IKOI BAHHH Y MI>KBAJIKOBOMY IIPOCTOP1 € CAUMETPUYHUIN PO3IO1I TOTOKIB
PO3ILIaBy METaTy 11010 TOBEPXOHB BAJIKiB (puc. 3.4). HacaigkoM Takoi riipoAuHaMIKu
pO3IUIaBy € 1JCHTHYHICTh TEPMOJMHAMIYHUX IIOJIB B3JIOBXK IOBEPXOHb BAJIKIB-
KpUCTAII3aTOPIB, B PE3yJIbTATI YOr0 MOBMHHA 3a0€3MeYyBaTUCS CUMETPUUYHICTh KIPOK
MeTaiy, 0 TBepAHE Ha HUX.

JiticHo, 3 h13MYHOTO MOJICITIOBAHHSI HA MPO30POMY CILIaBi KaMpeHa 6aunumo, 1o
Opy ONTHUMAJIbHIM T1IPOJMHAMIYHIA KapTHUHI PO3IUIABY MIX BajKaMH B IUIOIIMHI
3pOIICHHS 3yCTPIYHUX (PPOHTIB KPUCTAIII3AIlT KIDKH MalOTh OJIHAKOBY TOBIIMHY, X04a
32 BUCOTOIO PIJIKOi BAHHH CIIOCTEPIra€MO MOMITHY iX pi3HOTOBIIMHHICTH (puc. 3.13).
He3Bakatoun Ha OJIHAKOBI YMOBHM OXOJIO/DKCHHSI BaJIKIB-KPHCTAII3aTOPIB 3a iX
MEPUMETPOM, CIIOCTEPIra€ThCs MOMITHA PI3HUI B TOBINHHI 3aTBEPAUIMX KIPOK TIO
BUCOTI piJIkOi BaHHM MDK Bajmkamu (puc. 3.13). [IpuuvHM 3HAYHOTO MOTOBILEHHS
GbpoHTIB KpucTamizailii y HIKHIX TOPU30HTAX JIUTHUX 3aroTOBOK 3aJMIIAFOTHCS
JUCKYCIMHUMM CEepell METalypriB. 3a UM SIBULIEM BUHUKIU TEOPil MOCIIJOBHOI Ta
00'eMHO1 KpucTai3alii CIUIaBiB, y SIKUX HE BPaXOBYBAJIM POJIl KOHBEKTUBHOIO PyXy
po31utaBy BeepeaunHi spa 3mutka [96, 140, 142]. Tum yacom, KOHBEKIIis (Y TOMY YHCITI

NPUMYCOBa KOHBEKIIisl) TPa€ BUPIIIAIBHY POJIb B IbOMY siBUIMI [142].
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Puc. 3.13 — ®opmyBaHHS 3aTBEpALIOL KIpKH pO3IUIaBy KaM(PeHy Ha MOBEPXHIX

BaJIKIB-KPUCTAII3aTOPIB

®i3uyHy CYTHICTH BIUIMBY KOHBEKIii Ha (OpMyBaHHS CTPYKTYpH JIUTUX
3aroTOBOK MOKHa BHU3HAYUTH 3 HACTYIMHOTO €JIEMEHTApHOTO aHajii3y TeII0BOIro
OayaHCy Iapy meTaiy, 10 TBepJHe. TOBIIMHA LOTO APy 3aJ€XKUTh BiJl KIJTBKOCTI
teruia (01), IKE BIH MOJKe TIepeIaTH 10 0XO0JIOKYBaHOT moBepxHi hopmu [142]:

ql = %At}(p, ’ (337)

A€ 4, At — TEIJIONPOBIIHICT MIapy METaIly, IO TBEPIAHE, 1 Epernaj TEMIIEPATyp 110
Horo ToBIIKHI; £ — TOBIIMHA 3aTBEPLIIOT KIDKU METaly.
KinbkicTh Temia, sike HAaKOMMYIY€EThCSI Ha MEXK1 TBepHEHHS ((2), CKJIAa€ThCs 3
TeIIa KPUCTaNi3aIil (., 1 TeIIa IeperpiBy B PiKiil YaCTHHI 3TUBKA (. [144]:
02 = Qip. * Quep.. (3.38)
[TpoTe npotiec kpucTaizaiii 3aBX/11 CYyIPOBOIKYEThCS JOTPUMAHHIM OanaHcy
pIBHOBaru MiK IUMH MapaMmerpamu, ToOTO (i1 = (2. Toxi, BHUPIIIYIOYM CHUIBHO

piBHsiHHS (3.37) 1 (3.38) MOXKHA BU3HAYUTHU TOBUIMHY 3aTBEP/ALIOTO APy METay:
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A, A
= —t (3.39)
Up. T Uiep.

3 OCTaHHBOTO BHUPA3y BHUJHO, IO YUM OILbIIa KUIBKICTh TEIUIa MEpEerpiBy
MIJIBOJIUTHCS 10 MEX1 TBEPJHEHHsI, TUM TOBIIMHA KIPKHM Ta IMIBUJKICTh KpUCTaIi3allii
MEHIIIE.

Po3maB meTany npu nepemilieHHi B30BXK (PpOHTY KpucTami3allii 3BepXy BHU3
BIIJIa€ TEIUIO TIEpPEerpiBy 3aTBEpJIBINM Kipii. BHacmigok 1bOro BiIOYBa€ThCS
MIEPEPO3MOIiT TIEPEOXOJI0HKEHNX 00CATIB PO3IIIaBY MO0 BUCOTI PiJIKOI BAaHHU METAY 1
SK HacIiJOK — BUMEPEKAIBHUMN picT TBepAoi dha3u y ii HikHiM yacTuHi. [Ipu npomy

TEIUI0, SIKE MepefaeTbecsl (PPOHTY KpHUCTami3alli, BA3HAYAETHCS 3a TAKOIO (POPMYIIOI0

[6]:
qg=a (tnep. — 1 Fr, (340)

e o — Koe(imieHT Tterionepenadi; t,,, — Temmeparypa NeperpiBy posIuiaBy; t: —
TeMIlepaTypa JIKBiyCy AaHoOro cruiaBy; F — mioma 6i14HOi moBepxHI (GPOHTY
KpUCTai3allii; T — TPUBAIICTh MEPEMIILIECHHS MEPErpiTOro 00'eMy po3IiaBy B3AOBXK
bpoHTy KpucTamizalii.

OcranHill mapaMeTp 7 1 Beau4rHA KoedilieHTa TEIUIOBIIIadl o 3ajeXaTh Bijl
IIBUJIKOCTI KOHBEKTUBHOTO MOTOKY W 1 3MIHIOIOTBCS 110 BUCOTI P1AKOT BAHHU METAITy.
KpurepianbHe piBHSIHHS TEIJIOOOMIHY ITiJT 4ac pyXy piikux metamiB mae Burisia [ 100]:

Nu = 0,175(Gr - Pr)'3, (3.41)
ne Nu, Gr, Pr — xpurepii Hyccensra, Ipacroda u Ipanaris.

[Tpu 3HAYEHHSIX X KPUTEPIiB, XapaKTEPHUX JJISI PEXKUMIB PyXY PiJIKMX METAIIIB
y HepyxoMmux dopmax, KoeilieHT TerioBiaaadl TpuoIM3HO MOXKe OyTH BU3HAYCHUIN

3 HaCTYITHOTO PIBHSHHSA [6]:

a= o,e(VHVjOYS A, (3.42)
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ne W — mBUIKICTh KOHBEKTUBHMX TMOTOKIB; H — BiJICTaHb BiJ JA3epKajia meTrany; A —
KOeIII€HT, 10 BPaXOBY€E TEIUIO(DI3UUHI XapaKTEPUCTUKH CILIABY.

Jlanuii aHaii3 TEIJIOBOTO OallaHCy 3aTBEPAUIMX KIPOK METally MPOBEICHO IS
HEPYXOMHX BaJIKiB-KpUCTaNi3aTopiB (MOAIOHO 10 YMOB MPOBEICHHS €KCIIEPUMECHTIB
npu (Hi3UIHOMY MOJICTIOBaHHI). Y PyXOMOMY KPHCTali3aTopi, TOPS 3 MPUPOTHOIO
KOHBEKI[I€}0, HEOOXIJIHO BpaxoOBYBaTH IPUMYCOBY KOHBEKIIIIO pO3IMJIaBy MeTamy,
o0yMoBIieHy OOepTaHHSM BajKiB 1 MOTOKaMHU PO3IUIaBY, IO BUTIKAE 3 PO3IUBHOI
CcKJIHKHU. [Ipu 1bOoMy BUpIIIANBbHY POJb y 3arajibHOMY OajlaHCl TiAPOAMHAMIYHOI
KapTUHU B PIJIKIM BaHHI MK BaJIKAMU BIJIIrpa€e MPUMYCOBa CKJIaJ0OBa KOHBEKIIi, TOMY

110 BOHA ICTOTHO BIUTMBA€E HA TTapaMeTPH 3aTBEPAUINX Kipok MeTany (puc. 3.14).

YV

Puc. 3.14 — ToBmmHa 3aTBepiiioi Kipku KaMm@eHa Ha TMOBEPXHSIX BaJKiB-

KpUCTAII3aTOPiB IPU ACUMETPUYHIHN T1APOAMHAMIYHIN KapTUHI B p1IKii BaHHI

3 IbOTO PHCYHKA HA0YHO OAaYMMO, 1110 ACUMETPUYHICTh TOTOKIB PO3ILIABY 1100
MOBEPXOHb BAJIKIB-KPUCTAII3aTOPIB MPU3BOIUTH 10 TBEPIAHECHHS HAa HUX KIPOK P13HOI
ToBIIMHU. lle moB's3aHO, SIK BUILIMBAE 3 MPOBEICHOTO BHILNE aHaNi3y TEMJIOBOTO
OanaHCy KIpOK, 3 KUJIBKICTIO TEIJa, 110 BIABOAMUTHCS MOBEPXHSAMHU BAJIKIB ((popMynu
3.40 1 3.42). Kpim 115010, BiJl pO3MOALTY MOTOKIB PO3IUIABY MiXK MOBEPXHSIMU BAJIKIB

3alIeKUTh TAKOX arpecuBHa CUJa MiAMHUBAHHS (TalbMyBaHHS) KIPOK MeETally, IIO
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tBepaHe (popmyna 3.11). CymapHuM pe3yabTaToOM BIUIMBY ITUX JBOX SIBHUI Ha
TBEPJAHEHHS KIpOK KaM(]eHa Ha MOBEPXHIX BAJKIB 1 € KapTUHA, L0 CIIOCTEPITaeThCs
(puc. 3.14).

OnHakoBa TOBIIMHA KIPOK HAa IOBEPXHX BAJIKIB MPHU BXOJIl B 30HY MPOKATKH €
TOJIOBHOIO YMOBOIO OTPMMAaHHS SIKICHOT JIUCTOBOI 3aroToBku (puc. 3.13). 3ymoBIeHO
e THUM, II0 TpPU OJHAKOBIA TOBIIMHI KIPOK y 30HI IPOKATKH 3a0€3MeuyeThCs
IICHTUYHICTH 1X AedopMalriii, BHACTIAOK YOro BiOyBAETHCS PIBHOMIPHUNA PO3MOILT
nedopMaliiiHuX Ta TEPMIYHMX HaIpyT IO Hepepidy 3aroToBOK. A HEPIBHOMIPHICTh
HaIpPyTH, K B1JIOMO, € OCHOBHOIO IPUYMHOIO0 BUHUKHEHHS T'OJIOBHOTO 1e()EKTY B TAKHX
3ar0TOBKaX — MOBEPXHEBUX TPIIIUH.

B nanuii yac mmMpoke MOIIMPEHHS B METANypridHIA MPaKTUIll 3HAWIUIM, B
OCHOBHOMY, JIBI CXEMH BaJIKOBOI PO3JMBKHM MeTamB: 0e3 aedopmali (1HaKie piaka
npokarka) i 3 Aedopmaiiiero (iHakiIe 0e33TMBKOBA ITPOKATKA) OJIEPKYBAHOI 3aTOTOBKH
[20]. HaiiO1pI momy sipHOIO 3 X JIBOX BaplaHTIB € cXxeMa 0€337TMBKOBOI MPOKATKH,
KOJIM JINTAa 3aroTOBKa 3a PAaxXyHOK YaCTKOBOTO OOTHCHEHHS Ma€ CTPYKTypy Ta
BJIACTUBOCTI, OJIM3BKY JI0 CTPYKTYPH Ta BIacTUBOCTEHN nedopmoBaHoro metary. Kpim
IIbOT'0, 3aTOTOBKA, II0 OTPUMYETHCS 32 TAKOIO CXEMOIO, MA€ BITHOCHO OLIBIII BUCOKY
YHCTOTY MOBEPXHI, sIKa BIAMOBIAa€ YHCTOTI MOBepXHi BaykiB (ToOTO R ,/R., = 1) [28,
31, 33].

®di3uyHe MOJEIIOBAHHS Ha KaM(eH1 J03BONWIO BI3yalbHO BUBUUTU 3MIHY
CTPYKTYpH JIMCTOBOI 3arOoTOBKH ITii Yac ii OJepKaHHsS 3a CXEMOIO O€33JIMBKOBOL
npokatku (puc. 3.15). BcTaHoBieHo, 1m0 B TOYIN 3pOIICHHS 3yCTpIYHUX (DPOHTIB
KpHUCTai3allii, 0 HaMEeP3/IM Ha MOBEPXHAX JBOX BAJIKIB, 110 00€PTAIOTHCS, IEPBUHHA
CTPYKTypa KipOK Ha BaJIKaX CKJIAIA€ThCA 3 TPYOHX CTOBIMUACTUX KpHUCTaIiB (puc. 3.15,
30Ha I). ¥V 30HI mpokaTku BiIOYBa€ThCsl PIBHOMIpHA AedopMallis 3aTBEpAUIUX Ha
BaJIKaX KIPOK 13 YACTKOBUM PYWHYBAaHHSIM I'pyOUX MEPBUHHUX KPUCTANIIB, & HA BUXO/I
3 Hei 3aroToBKka Mae€ JApPIOHO3EPHUCTY CTPYKTYpPY, OJU3bKY 110 AePOpMOBAHOI

ctpyktypu (puc. 3.15, 30na II). [Ipu 11boMy TOBIIMHA 3aTOTOBKM Ha BUXOJI1 3 BaJIKIB
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MEHIIIe, HIXXK CyMapHa TOBIIMHA KIPOK Ha Bajkax npuOau3Ho Ha 25% (TOBIIMHA

3aroTOBKH Micis nedopmaiii Bu3HavaeThes 3a popmynoro 1.2, PO3ALT 1).

Puc. 3.15 — OpnepxaHHs JUCTOBOI 3aroTOBKM 3 KaM(eHy 3a CXEMOIO
0€33JIMBKOBOI MPOKATKU TIpH (Pi3MUHOMY MojemtoBaHHi: | — 3oHa kpuctamizanii; 11 —

30Ha IPOKATKU

B pamkax gaHoi poOOTH TaKk0>X BUBYEHO BIUTUB TEIJIO(PI3UUHUX YMOB PO3IUBKH
MOJIEJIFHOTO CIUIaBy (TeMIepaTypH HeperpiBy po3IuiaBy kamdeHa Ta iHTEHCHBHOCTI
TETJIOBIABECHHS BiJl BAJIKIB-KPUCTAII3aTOPIB) HA XapakTep (popMyBaHHS JTUCTOBOI
3aroTOBKH Ta JIHIMHY IBUIKICTh BAJIKOBOI PO3JIMBKHU.

Ha puc. 3.16 mpeacraBieHi 3aKOHOMIPHOCTI 3MIHM TEMIEpPaTyp pO3ILIaBy
kaMdeHa B yMOBHIM TO4YIl TEpPexXoqy 30HM KpHUCTami3amii B 30HY MIPOKATKH B
3aJICKHOCT1 Bl IIBUIKOCTI PO3JMBKHU [JISl PI3HUX PEXKUMIB HOro MEperpiBy Ipu
MaKCUMaJIbHIN 1THTEHCUBHOCTI OXOJIO/DKEHHS BaJKiB-KPUCTAMI3aTOPIB (loxo, = 5 © C).
Touka mepexoay 30HM KpHUCTami3alli B 30HY MPOKATKU Yy LIMX €KCIIEPUMEHTaxX — IIe
PIBHOBIiI/IaJieHa BiJl BaJIKiB ToYka Ha MirOuHI 90 MM BiJl MOBEpXHI MEHICKA PO3ILJIaBY

(muB. puc. 3.15).
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v, - 102,
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Puc. 3.16 — 3MiHa Temneparypu po3iuiaBy Kam(peHy B TOUIll MEPEXO]y 30HH
KpUCTajizaiii B 30HY MPOKATKH MPU MAKCUMaJbHIA IHTEHCUBHOCTI OXOJIOJKEHHS
BaJIKIB-KpUCTAM3aTOPIB (tor,, = 5°C): 1 — npu Temnepatypl neperpiBy po3miaBy Aty

=2°C; 2 — Aty = 4°C; 3 — Aty = 6°C

3 MeTanypriiHOi MPaKTUKU BIOMO, IO CTaOLIBHICTh MPOIECY BaJKOBOL
PO3JIMBKM METajiB 3a0e3MeuyeThCsl MPHU BIAMOBIIHOCTI TEMMEPATypH IOBEPXHI
3aroTOBKH (1,6 ) Ha BUXO/I 3 BAJIKIB-KPUCTAII3aTOPIB HACTYIMHOT YMOBI 06 < toos (teon —
TEMIIEpaTypa COJIIIyCY MeETaleBoro ciuiaBy, mo po3iuBaerbes) [30, 33, 35]. Ile
MOB'A3aHO 3 TUM, IO NpPU OUIBII BHUCOKHUX TeMIEparypax MeTajd y 3aroToBIli
3HaXOJUTHCS B TBEPJO-PIAKOMY CTaHI 1 yepe3 MOro HU3bKI MIITHOCTHI BJIACTHUBOCTI
JIETKO PYHMHYETHCH.

Axio BUXoauTH 3 A0TpUMAHHS €T YMOBH (106= 10, ), TO 3 puc. 3.16 ciiaye, 1mo
TeMmrepaTrypa THeperpiBy po3iiaBy KamdeHa I1CTOTHO JIMITY€E JiHIHHY IIBUIKICTh
oOepraHHs BajkiB. J{ifiCHO, SKIO 3a TeMIIepaTypH MeperpiBy po3miaBy At,., = 2°C ta

IHTEHCUBHOCTI TEIUIOBIABEAEHHS BiJl BAIKIB (iyx; = 9°C) onTuMaigbHa IIBUIKICTH
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posmuBku jopiBHIOE 9*102M/c, TOo TpU At,, = 6°C Bona mopisHIOE 5,3*1072Mm/c.
AHaNOTIYHUN XapakTep 3aJeKHOCTI IMIBHUIKOCTI PO3JIUBKH PO3IUIaBy KamdeHy
OTpUMaH1 1 3a OLIBII MOMIPHUX IHTEHCHUBHOCTEW TEIJIOBIIBEICHHS BiJ BaJIKiB-
KpucTamizatopiB. (., = 20 1 35°C). Hanmpukiaz, mpu iIHTEHCUBHOCTI TETUIOBIIBEICHHS
BiJ BaNKiB tyy,, = 20°C onTuMabHa IIBUAKICTE PO3IMBKY 10piBHIOE 4,3%1072M/c, a npu
tovor. = 35°C — 1,3*10m/c (puc. 3.16).

3 ux pe3ynbTaris (puc. 3.15 ta 3.16) BUmmBae, 1110 Mpu HAAMIPHOMY Meperpisi
pO3IUIaBy MeTally Ta 3HM)KEHHI I1HTEHCHBHOCTI TEIUIOBIABEJCHHS BiJI BaJIKiB-
KPHUCTAJII3aTOPiB PI3KO 3HIKYETHCS MIBUAKICTH Horo posnuBku. lle moB'szaHo 3i
3MIHOIO TEMIIEPaTypHOro Tpaji€HTa Mepe]] MOBEPXHSMM TEIUIOBIABEICHHS BaJIKiB-
KpHUCTaII3aToOPiB. AHAJI3 IIUX IAHUX MMOKA3YE, 110, HE3AJIEHKHO BIJ] IEPETPIBY PO3ILIABY,
IPH BEJUKIA IHTEHCUBHOCTI TerwioBinBeaeHHS (Lo, = 5°C, TOOTO KoM KpUTEpii
Bi>>1) cnocrepiratloTbcsi MaKCHMallbHI TPaJI€EHTH TEMIICpATypH BiJ IOBEPXOHb
TETJIOBIABECHHS BAJIKIB /IO LIGHTPY piAKoil BaHHU. Lle 3yMOBIt0€ oiHOYacCHUM niepedir
OKpEeMHX CTajiiii mpouecy (popMyBaHHS 3arOTOBKH: MUTTEBE 3HATTSA TEIUIOTH MIEPETPIBY
pO3IUIaBy, YTBOPEHHS KIPOK Ha MOBEPXHSX BAJIKIB Ta IX OXOJIOKEHHS JI0 TEMIIEPATypH
CTIHOK BaJIKiB. B ymMoBax momMipHO1 iIHTEHCUBHOCTI TETIOBIABEAEHHS (toy0, = 20 135°C,
T00TO KOytu Bi < 1), iiMOBIpHO, BiIOYBAa€THCS TMOCHIIOBHUN TIEpeOir epepaxoBaHuX
Buile ¢a3 npoiecy GOpMyBaHHS 3arOTOBOK, a JIJISl IILOTO MOTPIOHO OUIBIN TpUBAIUN
MPOIIEC TEITIOOOMIHY MIXK MOBEPXHEIO BaJIKa 1 pO3ILUIABOM, 110 Tiepeadadae 3HUKEHHS
IIBUJIKOCTI pO3JMBKH. (puc. 3.17).

Bimomo, mo 30uTbIIeHHST Tpaji€eHTa TEeMIIepaTyp TEepel MEKEI TBEPIHCHHS

MPU3BOJAUTH J0 MiABUIIIEHHS IIBUAKOCTI KpUcTami3aiii. [6]:

R=—"_.G, (3.43)

1€ A, p — TEIUIONPOBIIHICT 1 T'YCTUHA PO3IUIABY; (i — TEIUIOTA KpHUcTamizauii; G —

IPaJleHT TEMIEPATYPH OUIsE KOPAOHY TBEPIHEHHS.
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20 V, - 102,
0 1 2 3 4 5 6 7 & 9 10 wmkc
Puc. 3.17 — 3MiHa Temneparypu po3iuiaBy Kam(peHy B TOUIll MEPEXO]y 30HH
KpUCTaJli3allii B 30Hy MPOKATKU MpHU TeMIlepaTypl Horo neperpiBy At,., = 2°C pis
PI3HUX IHTEHCUBHOCTEH TEIUIOBIIBEACHHS BiJl BalKa-KpucTanizaTopa: toy., = 5°C; 2 —

toxo,a.= ZOOC, 3 - tomv.: 35OC

['pamienT TeMriepaTypu Mo mepepizy po3IiaBy MeTaiy, IO TBEpIHE, Biirpae
BAKJIMBY POJIb 1 B 3aJICXKHOCTI BiJl OTO CITIBBIIHOIIEHHS JI0 MIBUIAKOCTI KpUCTai3arlii
(G/R) B nuTux 3arotoBkax (GpopMmyeTbes pizHa cTpykTypa. Ilpu cepenHix 3HaYCHHSIX
uporo criseigaomenns (G/R<5,5-107) dopmyeTbcs amcrepcHa CTPYKTypa, a IIpH
HIKYUX HOro 3Ha4eHHsX (G /R <9-10%) — rpy0a piBHOBicHa cTpykTypa [145].

BruiiB Temriepatypu neperpiBy po3iiaBy Ta IHTEHCUBHOCT1 MOTO OXOJIOKEHHS
MPOSIBISIETHCSL y TIJABUINEHHI YW 3HUXKEHHI Tpaai€eHTa Temmeparyp (BIAMOBIIHO,
JHIAHOT MIBUAKOCTI KpUCTai3ailii), a i y 3MiHI IBUAKOCTI YTBOPEHHS 3apOAKIB Ta iX
Mopdosorii. HaounHum miATBEpPHKEHHAM IOTO € JAUCHEPCHICTh KPUCTATIYHUX

CTPYKTYP MOJEJIBHOTO CIUIaBy, SIKI OTPUMaHIi 3a Pi3HUX TPAAIEHTIB Temmeparyp (puc.
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3.18) [146]. BuaHo, 1m0 HANCHPUATIWBINIA AUCHEPCHICTh KPUCTATIYHOI CTPYKTYpH
MOJIEJILHOTO CIIJIaBYy CIIOCTEPITaeThCs 38 MAKCUMAIBHOTO TPaJi€eHTa TEMIEpaTypu 3a

nepepizoM posmiaBy (puc. 3.18, a). [Ipu 3HIKEHH] 3HaYEHHS TPaJliEHTa TeMIIepaTypu

BiJIOYBa€ThCs KpaTHE 30UIBIIICHHS po3Mipy 3epeH (cp. puc. 3.18, a, 6 u 6).

S S W I

a 0 B x15
Puc. 3.18 — MakpocTpyKTypu 3arOTOBOK KaM(eHY B 3aJICKHOCTI BiJ] IIIBUIKOCTI
OXOJIO/IKEHHS PO3ILIIaBy, 1110 TBEPAHE: a, 0, B — nieperpiB At,,., =2°C; a — IHTEHCUBHICTb

0X0IOMKEHHS {10, = 5°C; 0 — tyxo, = 20°C; B — t)r0.= 35°C

VY 3B'SI3Ky 3 BUKJIQJCHUM, HE3aJEKHO BiJ THUIY CIUIABY, MiJ 4ac O€33JMBKOBOI
MPOKATKH, PO3JIMBKY METAIB 31MCHIOIOTH 13 MIHIMAJIbHO MOXJIMBOIO TEMIIEPATYPOIO
neperpiBy po3miaBy (At ) 1 MAKCUMAaJIbHOIO THTEHCHBHICTIO OXOJIOJXKEHHS BaJIKiB-
KpHUCTAII3aTopiB. Y TaKMX yMOBaX MPUCKOPEHA KpUCTami3allisg po3IjiaBy 3a0e3neuye
PIBHOMIPHUM PpO3MOALT JETyIOUUX €JIEMEHTIB y TBEPAOMY PpO34UMHI, (POpPMYBaHHS
JTPpIOHOKPUCTATIIYHOI CTPYKTYPH Ta MiJIBUIICHUNA PIBEHb MEXaHIYHUX BJIACTUBOCTEH.
[32, 34, 36].

Haounum miarBepkeHHSIM HEOOXITHOCTI AOTPUMAHHS YMOBHU (06 < tcp,) T
Yyac BAJIKOBOI PO3JUBKHU METAJIIB € pe3yJIbTaTH, OTpUMaHi (PI3MYHUM MOJEIIOBAHHSIM
(puc. 3.19). 3 puc. 3.16 BummBae, mo s neperpiBy posmiaBy At,, = 2°C Tta
IHTEHCUBHOCTI TEIUIOBIABENCHHSA 15, = 5°C omnTMManbHa MIBHUIKICTH PO3IUBKH
nopiaioe 9*102m/c. MiticHo, 3 puc. 3.19 (0) mMu 6auumo, WO 3a L€l MIBUIKOCTI
pO3NMBKA KaM(eHy Ha TOBEPXHSIX BaJIKIB-KPUCTATI3aTOPIB TBEPAHYTh KIpKH

OJIHAKOBOI TOBIIIMHU 1 B TOUIIl MIHIMAJIHHOTO 3a30PY MIXK BaJIKaMH BOHH 3POCTAIOTHCS.
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Y VY

Puc. 3.19 — BrumuB mBuAKOCTI po3nuBKkU kamdeny (V) Ha TOBIIMHY KIpKH Ha

MIOBEPXHSAX BAJIKIB y pasi MeperpiBy po3miaBy At,, = 2°C: a—V, = 10*10?m/c; 6 - V,

=9*10%m/c; B -V, = 8*10m/c

3are nmpu msuakocti V, = 10*102m/c 3ycTpivuni (poHTH KpucTamizamii He
CTUKYIOTbCSI MIDXK COOOI0 1 B 3aroTOBIIl 30€piraeTbCs piAKa CEplEeBUHA, SKa €
HeOa)kaHOO /17151 3a0e3MeUeHHsI CTa0UTLHOCTI IPOoIeCy BaIKOBOT po3nuBkH (3.19, a). A
IpHU IWBHIKOCTI V), = 8*102m/c, HABIMAKW, MAE€MO HAJIMIIOK TBEpAoi dasu, mo €
OCHOBHOIO TPUYHHOIO (OPMYBaHHS 3aroTOBOK Pi3HOI TOBIIMHU 1 BUKPUBIICHHS
OangaxisB Baikis (3.19, B).

Taxkum 4MHOM, BUKOPUCTaHI METOJH AOCTIHKEHB JaJId 3MOTY BUBUUTHU CKJIAJIHI
MPOIIECH TEIUI0-, MacOOOMIHY 1 KpHCTali3allii aJtOMIHIEBUX CILIaBIB IiJ] Yac iXHBOI
0€33JIMBKOBOI ITPOKATKU B TAOOpAaTOpHUX yMOBax. OTpuMaHi pe3yiabTaTH BIIKPUBAIOTh
MEPCIEKTUBY PO3POOJICHHSI HOBOI PECypco- Ta eHeproe(EeKTUBHOI TEXHOJOTIT IS

OTPUMAHHSI JIMCTOBOT METAIIONPOIYKIIT MPSMO 3 PIAKOTO CTaHy.

BucnHoBku 50 po3ainy

3.1. YV pesynprari MaTeMaTHYHOTO MOJCIIOBAHHS TEIUIO Ta MacOOOMIHHHUX
MPOIIECIB B PO3ILIaBax JOCITIHPKYBAHHX aTIOMIHIEBUX CIUIABIB MMiJl Yac iX BaJIKOBOI
pO3TMBKH OyJiM OTpUMaHi piBHSHHS perpecii Buny V = (0, f, R, At), 3a 1onomMororo

AKX MOXKHA PO3paxyBaTH FOJIOBHUN TEXHOJIOTIYHHUM apamMeTp BaJKOBOI PO3JTUBKHU —
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MIBUJKICTb. TakuM YMHOM ISl BCIX JOCIHIJPKYBaHHMX CIUIaBiB OyJI0O BHU3HAY€HO
3HAYEHHS MIBHUJKOCTEH iX BaJKOBOI PO3JIMBKH, SKI IMOKA3aJdd XOPOITY KOPEJAIio 3
peanbHUMU iX 3HaYeHHsAMU (> 95%) Ha maGopaTopHOi yCTaHOBII M 3a0e3Meuniiu
OTPUMAaHHS JTUCTOBUX 3aTOTOBOK 33/1aHO1 TOBIIIMHH.

3.2. TlpoBeneHO TEOpPETHMYHUIN aHali3 TEIJIOBOrO OajdaHCy BaJKOBOIO
KpUCTali3aTopa, Ha OCHOBI SIKOTO BU3HAYEHO CTall0, IO JIMITY€E TEIIonepeaady Bif
PIAKOTO MeTaly N0 OXOJO/KYIOYOro TEIUIOHOCIS. BCTaHOBIEHO 3aKOHOMIPHOCTI
TEIUIOOOMIHY MIXK PIIKHMM METaJIOM 1 KPHUCTaI13aTOPOM 3aJICKHO BiJl TEXHOJIOTTYHUX
napamMeTpiB  HOTO BalKOBOIO pO3JMBaHHA (JIIHIMHOI IIBUJKOCTI  PO3JUBKH,
TEMIIEPATYPH IEPETPiBY PO3ILIABY, IHTCHCHBHOCTI TEILUIOBIIBEIcHHS Tomo0). Ha ocHOBI
OTPUMAaHUX 3aKOHOMIPHOCTEHN TEIII00OMIHHUX MPOIECIB Y KPUCTAII3aTOP1 BU3HAYCHO
rpaHUYHl 3HAYCHHS JIHIMHUX I[BUAKOCTEH, IO 3a0€3MeuyloTh CTIMKUM MpoIec
BaJIKOBOI PO3JIMBKHU JOCIIKYBaHUX CILJIABIB.

3.3. [IpoBeneHo ekcriepuMeHTAIBHIIN aHaT3 €PEKTUBHOCTI PI3HUX IPUIOMIB, 32
JIOTIOMOTOI0 SIKUX MOKHA TOCWJIMTH TEIUIONepeaady BiJ Bajlka-KpHCTalizaTopa [0
OXO0JIO/DKYBaJIbHOT BOU (301IBIICHHS IBUIKOCTI PyXy BOJH Ta IUIOII TEIMJIOOOMIHY,
HAHECEHHS IIOPCTKOCTI Ha MOBEPXHIO TEIIO00MiHY). BcTaHOBJICHO, 110 HAWOUIBII
e(EeKTUBHUM MPUIOMOM IIJIBUILIEHHS TEIJIOBOI poOOTH KpHUCTaji3aropa € HaHeceHa
HIOPCTKICTh (BUCTYNH) HA BHYTPINIHINA MOBEpXHI OaHIaxa BaJika, B PE3yJIbTATI SKOTO
IHTEHCUBHICTh TEIUIOBIJIBEICHHS Bij BaJIka-KpUcTalli3aTopa MiABUILYEThCs 10 45%
MOPIBHSHO 3 TJIAJKOIO iX TTOBEPXHEIO 3a 1HIINX PIBHUX YMOB.

3.4. Po3pobneHo MexaHi3M MiABUINCHHS 1HTCHCHBHOCTI TEIUIOBIABEICHHS B
KpHUCTAII3aToOPi, AKUN MOJISATaEe y 3MiHI XapakTepy pyXy MPUCTIHKOBOTO JIAMIHAPHOTO
Hiaapy TOTOKY 3a PaxyHOK HAHECEHHsI IMOPCTKOCTI (BUCTYIIIB) Ha TOBEPXHSIX
TernoooMiny. I1in yac HablraHHs JIaMiHAPHOTO MiAIAPY TETIOHOCIS Ha BUCTYM 32 HUM
YTBOPIOETHCSI BUXOpP, SIKUA PYHHYE €ro CTPyKTypy, TypOymi3yrouu WHOro, IIo
MPU3BOJUTH JIO 3MIHHM PEKUMY TETUTOBIIBOAY TEIIOMPOBITHICTIO HA TEIUIOBIIBEICHHSI

KOHBeKIIi€to. [Tpu iboMy onTUMalIbHE CITIBBIIHOIIEHHS BIICTaH1 M1 BUCTYIIaMH J0 iX
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BHCOTI, 32 SIKOT'0 JIOCSATA€EThCS MaKCUMaJIbHA TEIUIOBI1aua, Mae BiAmoBigaTy ymoBi S/h
~ 13.

3.5. MetonoMm (i3UUHOTO MOJEIIOBAaHHSA Ha OpPraHiyHOMY cCIiiaBi (kamdeHi)
BHU3HAUEHO BHUPIMIANBHY POJb TEIJIO- 1 MAacOOOMIHHUX TPOIIECIB Y BaJKOBOMY
KpucTaizaropi Ha GOpMyBaHHs CTPYKTYPH JIMTHUX 3aroTOBOK. HaodHO mokasaHo, 1o
TOBIIMHA 3aTOTOBOK MPH BUXO/1 3 BaJIKIB Ha 15-25% meH11e cyMapHOi TOBIIMHU KipOK
Ha Bankax. [Ipu npomy 3a paxyHok aedopmarlii Bii0yBaeTbcsi Tpanchopmaiiis rpyooi
NIEPBUHHOI CTPYKTYpPU KipOK Ha Ballkax y ApiOHO3EPHHCTY CTPYKTYpPYy 3arOTOBKH Ha

BHUXO/I1 13 30HU IIPOKATKH.
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PO3/11 4
®OPMYBAHHS CTPYKTYPH I BTIACTUBOCTEM JIUTUX 3ATOTOBOK
3 AJTIOMIHIECBUX CILJIABIB IPH iX BAJIKOBII PO3JIUBLI-MTPOKATIII

4.1. CnexktpanbHuii Ta AudepeHuiiiHO-TepMIYHNIA aHATI3H JOCTITKYBAHUX
AJIIOMIHI€BHX CILIABIB.

Ha mowatky pocmikeHb Al OLIHKHM BiAMOBIAHOCTI SIKOCTI JOCHIIKYyBaHHX
AJIIOMIHIEBUX CIUIaBIB CTAaHJApTHUM XapaKTEpUCTHKaM Ha HAaTypHHMX 3pa3Kax
EKCIIEPUMEHTAJIbHO BHU3HAYaNM iXHI XIMIYHI CKJIagd 1 Temmeparypu ¢a3oBHUX
NepeTBOPEHb. BU3HAUCHHS XIMIYHUX CKJIaJIB AOCIIKYBAaHUX CIUIaBIB ITPOBEICHO HA
nabopatopHomy criekrpomerpi AA320N (ta6u. 2.1). Beranosneno, mo hakTuyHmit
BMICT XIMIYHHUX €JEMEHTIB ISl BCIX JOCIIJHUX CIUIABIB BIHUCYETHCA B CTaHAApPTHI
MEXI.

BusnaueHHss TemmepaTypHuUX ~mapamerpiB  (a3oBUX ~ IEPETBOPEHb Y
JIOCT/DKYBAaHUX CIUIaBax TmpoBoAwaun Ha mpuiaai  Derivatograph Q-1500-D.
PesynpTaTi BUnpoOyBaHb OTPUMYBAJIHM Y BUTIIAII KPUBUX TU(PEPEHIIIHHO-TEPMIYHOTO
anam3y ([TA), sxi BuBoauIMCa Ha MOHITOp HOyTOYKa (puc. 4.1 - 4.3). Kpusi JITA
3HIMaJH JJ1 3pa3kiB Macoro 140 Mr 3a 0JIHaKOBOT IBUAKOCTI HArPIBY Ta OXOJIOIKEHHS
(5°C/xB.) y nianaszoni temrepatyp 27+727°C Ha moBiTpi. Sk €TajoH BUKOPHUCTAHO
npoxkapeHuit okeu amominito (a-Al,O3). CepenHi 3HaUSHHS MapaMeTpiB IJIABJICHHS i
KpucTaizaiii Bu3Hayaiu rpadigHo.

[Tix vac moOymoBU 3ayie)KHOCTEH YacTku pinunau Bia temnepatypu (UPT) momri
MiKIB BU3HAYAJIW YHUCIOBOIO 1HTErpalli€l0 YaCOBOi 3aJIEKHOCTI At = f{(T) pu JHIMHIN
excTpanoysiuii  6a3ucHOi  JiHIT  miKy. Mexi  IHTerpyBaHHA  YTOUYHIOBAJIU

nugepenuitoBaHHsaM curHainy JTA mo10 3MiHM 3HaKa MOX1HOI B 3aJ€KHOCT d(At)/dt

AL
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PesynbraTi anamizy manyd 3MOTy BH3HAYUTH TemriiepaTypu "comimyc" te, 1

"mikBigyc" . JUIS TOCHIIKYBaHUX CILIAaBIB, 3HAYEHHS SKUX 3BeAcHO B TabOiu. 4.1.

OtpumaHi 3HauYeHHS TeMmiepaTyp (y 3HAaMEHHHUKY) J00pe KOpPECTIOHIYIOThCS 3

JiTepatypHuMu ganumu [50].

Taomung 4.1

Temneparypu (a3oBuUX MEPETBOPEHD JOCIIIKYBAHUX AIFOMIHIEBUX CIUIaBIB

Cnaas o I'OCT Temnepatypa, °C
(EN) JlikBigyc Couinyc InTepBan
KpHuCcTaIi3auii
B95 (7075) 635/630 477/468 158/162
AMTS (5056) 640/632 585/567 55/65
AJ135 (6082) 652/641 582/564 70/77

Takum 4MHOM, pe3yJIbTaTH MPOBEACHUX BUIIPOOYBaHb MOKA3alu BIAMOBIAHICTb

XIMIYHUX CKJIiB 1 Temmeparyp (a30BuUX TMEPETBOPEHb IS JOCIIIKYBaHUX
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amoMiHieBux cmiaBiB (B95, AMrS 1 AJI35) craHmapTHUM TIOKa3HUKaMU IUX

XapaKTEPUCTHK.

4.2. BceTraHOBJIEHHS BIUVIMBY IIBHAKOCTI OXOJIOAKEHHSI HA CTPYKTYPY
AJTIOMiHIEBUX CILIABIB.

3 METOI0 BCTAaHOBJICHHS BIUIMBY IIBUAKOCTI OXOJIODKEHHS Ha (HhOpMYBaHHS
CTPYKTYpPHU JHMTHUX 3pa3KiB 13 JOCHIKYBaHUX CILJIaBIiB MPOBOJIWIM JIOCHITKCHHS 3a
po3pobiaeHoo Meroaukoro (myHKT 2.7, PO3IIJI 2). Pi3Hy mIBUIKICTH OXOJOIKEHHS
3a0e3MneuyBaiy 3aJIMBaHHSIM BUIPOOOBYBAHUX CIUIABIB y (DOPMH 3 PI3HUX MaTepialiB,
y KX KO€(ILIEHTU TEIUTONPOBIIHOCTI HAa MOPSAKU BIAPI3HAIOTHCS OAMH BiJl OJHOTO.
Tak, B 1HTepBajl TeMIiepaTyp MNpoBefeHHs BUNpoOyBaHb (660+20°C) koedimieHTH
TEIUIONPOBITHOCTI MatepianiB Gopm (A1) maroTh Taki 3HadeHHs: Nel xBaprm — 0,8
Bt/m-K; Ne2 ¢propdmoronit — 8 Br/m-K; Ne3 rpaditr — 80 Br/m'K u Ned mins — 377
B1/m-K. Takuii mmpokuil po3kuja y TEIUIONPOBIAHOCTIX MaTepianiB ¢hopm 3ade3reuye
ICTOTHY PI3HHUIIIO B IIBUIKOCTSX OXOJIOMXKEHHS M1 Yac TBEPIHEHHsI BUIPOOOBYBaHUX
CIUIABIB.

[Tinm yac TBepIHEHHS 3pa3KiB CUTHAJIN BiJl XpOMEJb-aTIOMEJIEBUX TepMOIap 3a
nonomororo 1mudposoro neperoproBaua WAD AIK BUS ¢ikcyBanucs Ha MOHITOP1
KOMITIOTEpa y BUIJISII KPUBUX OXOJOKeHHA. OOpoOka IuX KpHUBHX Jajia 3MOTY
pO3paxyBaTy MIBUJIKOCTI OXOJIOPKEHHS CIUIaBIB, IO TBEPJAHYTh, B 1HTEpBaNax Bij
TEeMIIepaTyp iXHBOTO MEPETPIBY /10 BIAMOBIIHUX Temrepatyp "mikBigycy" (Tadm. 4.2).

3 HaBeJIEHUX JIAHUX BUIHO, 10 B opmax 13 kBapity, ¢propduioromity i rpadity
BJIAJIOCS] OXOMUTH JIMIIE BITHOCHO HEBENMKHUH Jiama30oH MIBHAKOCTEH OXOJOIKECHHS
po3miaBiB, mo TBepAHYTH (2,5+154 °C/c). IIBMAKICTh OXOJOMKEHHS B MIiIHIN
BOJIOOXOJIOJIKYBaHii (hopMi BU3HAYUTH HE BAAJIOCSA, OCKUIBKHA BHACTIAOK HEBEIIMKUX
po3mipiB 3paskiB (@ 5 MM, h = 30 MM) BOHM TBEpAHYTh MHTTEBO. 3TIAHO 3
JITEPaTYpHUMHU JaHUMHU HIBUIKICTH OXOJIO/HKCHHS MeETaly, IO TBEpJHE, MiJ dYac

BaJIKOBOI PO3JMBKU 3aJ€KUTh BiJ TEMIEPATypH PpO3IUIaBy, IO PO3TUBAETHCA, 1
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nepedyBae B mexax 1000+1700 °C/c [34, 49]. 3 ormsay Ha BIJHOCHO HU3BKI
TeMIiepaTypu (Ga3oBUX TMEPETBOPECHb AIMOMIHIEBHX CIUIABIB, y ITUX EKCIIEPUMEHTaxX
IIBUJIKICTh OXOJIO/PKEHHS JOCIITHUX 3pa3KiB y MIJIHIM BOJ0OXOJIOHKYBaHIi (popmi

npuiimanu pisaoro 1000 °Clc.

Tabmums 4.2
Po3paxyHKOBI IIBUKOCT1 OXOJIOXKEHHS IOCTITHUX 3pa3KiB
Marepiaa popmu
Minp I'padit dTopdaoromnit KBapn
Cruaag | (BOZIOOXOJIOMKYBaHa)
1,°C | Voror, °Cle | 1,°C | Voxor, | W°C | Voxor, | 1,°C | Voxor,
°Cle °Clc °Cle
ANI35 655 1000 657 152 653 6,8 656 2,5
AMTS5 643 1000 646 118 640 7,5 643 3,2
B95 645 1000 647 154 644 8,8 645 59

[TpumiTka: tj — Temmeparypa 3aquBKH po3iuiaBy B Qopmy; V.. — po3paxyHKOBa

IIBUJIKICTH OXOJIOMKCHHS PO3ILIaBY, 110 TBEPIHE.

VY pesynbrari MetasorpadiyHUX JOCTIIKEHb BCTAHOBJICHO, 1110, HE3AJICKHO BiJT
TUITYy CIUTaBY, iXHS CTPYKTypa 3IeOIIBbIIOr0 CKIAMAETHCS 3 IEPBUHHUX KPUCTANIB Ol
¢azum pizHoi mucnepcHocTi (Tadu. 4.3, puc. 4.4, 4.5) [147, 148].

3 orsimy Ha Te, 0 OCHOBOIO CTPYKTYp ycix cruiaBiB (AJ[35, AMrS 1 B9S) e
NEpPBUHHI KpucTanu (To0TO 0-(aza), BAXKIIMBOIO XapaKTEPUCTUKOIO € AUCIEPCHICTD
miei ¢asu. lle moB'si3aHo0 3 TUM, IO BiJ AUCIEPCHOCTI I1i€i a3, y TOMY YHCII,
3QJICKUTH PIBEHb MEXAaHIYHUX BJIACTUBOCTEH IMX CIUIaBiB. JIJIsl OIIHKK JTHCIIEPCHOCTI
MIKPOCTPYKTYPH BUKOPUCTAHO METO] ABOBUMIPHOI MOJIEN1, KOJIM Ha HUTih1 0OMPaIOTh
rpymny 3€peH 1 3a JIOMOMOTOI0 IUIAHIMETPli BUMIPIOIOTH iXHI PO3MIPH Ta TUIONLY
IUIOLMHU, SIKY BOHU 3aiMatOTh, Y PE3YJIbTaTli OTPUMYIOTh CEPEIHIO KUIbKICTh 3€pEH Ha

OJIMHUIIIO TuTONT nuTida. st 61511107 TOYHOCTI 1II0 OTIepaliifo TPOBOATH JIJIS PI3HUX
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Ipyn 3epeH Ha pi3HMX Iwiomax nuriga. TakuM YMHOM, BCTAaHOBIEHO XapaKTep
3aJIeKHOCT] TUCIIEPCHOCTI MEPBUHHOI CTPYKTYpH JAJISL BCIX JOCIHIIHKEHUX CILIABIB Bif
IIBUAKOCTI iX OXOJIOPKEHHS ITij] yac 3aTBepaiHHs (puc. 4.8) [149].

Taomug 4.3

Po3Mip 3epHa 1 TBepAICTh a-(pa3u B IUTOMY BUTIISAI AJI JOCTIKYBaHUX CIUIaBiB

Cnas Homep ¢popmu Ta Po3mip 3epna o— | TBepaicts, HB
IBUAKICTL 0X0JIO’KEHHSA da3u Z, Mmkm
Nel, Vo, =2,5°C/c 70-200 449
AJI35 Ne2, V. =6,8°C/c 20-150 47,5
Ne3, V,,. = 152°C/c 15-70 48,6
Ne4, V,, = 1000°C/c 10-40 55,7
Nel, V. = 3,2°C/c 70-200 419
AMTS5 Ne2, V. =7,5°C/c 20-100 51,9
Ne3, V,,. =118°C/c 20-70 59,5
Ne4, V,, = 1000°C/c 15-70 68,4
Nel, V. =5,9°Clc 60-120 80,4
B95 Ne2, V,. = 8,8°Clc 15-80 83,0
Ne3, V. = 154°C/c 20-60 95,2
Ne4, V,, = 1000°C/c 15-70 102,5

[Ipu 11bOMYy BCTaHOBJIECHO, IO PO3MIp 3€peH a-(ha3u I JaHUX CIUIABIB y Mipy
3pOCTaHHs MIBUJIKOCTI OXOJIOMKEHHsI 3MeHInyeTbes 3 120-200 mxm g0 15-60 Mxm
(trabn. 4.3). Kpim mepBuUHHHX KpuCTaliB o-(a3u B CTPyKTypax 3pa3KiB MPHUCYTHI
JMCTIEPCHI 1HTEPMETANIHI Ta €BTEKTUYHI (a3, sKI PO3TAIIOBaHI MDK TUIKaMU

nepBUHHUX KpuctaiiB (puc. 4.4, 4.5). HeoOxigHO 3a3HAYUTH, IO 3pa3Kd MalOTh
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OJHOPIJIHY CTPYKTYPY 3 PIBHOMIPHUM po3mojauIoM (a30BUX CKJIQJOBUX 3a iXHIMH

nepepizamu.

AJ135; Voxon. =152 °C/lc AMIS; Voxon. = 118 °Clc B95; Voxon =154°Clc

AJI35; Voxon.= 6,8 °C/c AMTS5; Voxon.= 7,5 °Clc B95; Voxon. =8,8°C/c

AJ135; Voxor. = 2,5 °C/c AMTS5; Voxor. = 3,2 °C/c B95; Voxon. =5,9°C/c
x 200
Puc. 4.4 — MikpocTpyKTypu 3pa3kiB 3i ciiaBiB AJ[35, AMrS 1 B95 3anexHo Big

MIBUIKOCTI IX OXOJIOMHKEHHSI



AJI35 AMTS B95 x 400

Puc. 4.5 — MikpocTpyKTypH 3pa3KiB 13 JOCIIKyBAaHUX CIUIABIB 3a MIBUIKOCTI

0X0JOKEHHS Voxon. = 1000 °C/c (y MigHIH BOI0OXOJIOKYBaHIN hopMi)

XapakTep 3alleKHOCTI Yacy TBEPAHCHHS BijJ IIBUAKOCTI OXOJIO/DKEHHS €
1IGHTUYHUAM JIJIs1 BCIX JOCIIKYBaHUX CIUIaBIB 1 Ma€ BUTIISIA cTeneHeBoi PyHKIT (puc.
4.6). TBepaHEHHS MOCHITHHUX 3pa3KiB 13 mocChipKyBaHux cruiaBiB (AJl35, AMrS ta
B95) y rpadiToriit hopmi BimOyBaeTbes mpoTsarom (2,6 + 6,8) c., y dTopdIroromrosii
dbopwmi - B iHTepBami (22 + 42) c., y kBapiuosiit popmi - y mianazoni (170 + 360) c., y
MITHIN BOJOOXONOMKYBaIbHIN (hopMi TBEpAHE MHUTTEBO, TOMY BHU3HAUWUTH 4Yac HE
BJIAETHCA.

Excrpamosnsimiss mmx pe3ynapTaTiB y  OIK  OLIBII  BHCOKHX IIBHUIKOCTEH
OXOJIOJKCHHS TTOKa3ye, M0 3a iXHIX 3Ha4eHb, XapaKTEPHHUX IS BAJTKOBOI PO3JTUBKH
METaJliB, Yac TBEPAHEHHS Ui BCIX JOCTIKEHUX CIIaBIB CTAHOBHUTHME YaCTKHU
CEeKyHIHW, IO € MPUHHATHUM JJIs1 3a0e3NMedYeHHS CTaOUTBPHOCTI TEXHOJIOTIYHOTO

nporiecy. (puc. 4.7).



127

T. C.
400
\
300 |
:
I
|
|
200 4
I
-\
X
100 \
N,
.
== .
D S R e o e S —— 1\" ORI
]
0 50 100 150 200 €/c
e+ = J[16 e AMTS e e BOS AJI35

Puc. 4.6 — 3anexxHICTh Yacy 3aTBEPIHHS JTOCIITHUX 3Pa3KiB 13 JOCTIKYBaHUX

CILIABIB B1J IIBUIKOCTI IX OXOJIOKCHHS

As @
x.‘-E'. ® -
Sy ey, ™
100 338
R
~ ™
S
AT TN
o = =,
“ 10 o h ~
= ~. A
“‘x\“‘\ ~. o
-
~ S~
~ - =
| ~ -
e b
~
S
M
0.1
10 100 1000
Ve .°Cle

Puc. 4.7 — Ekcrpanosnsiisi JaHUX Yacy 3aTBEpIIHHSA AOCTIAHUX 3pa3KiB Y

Jliana3oHi MBHAKOCTEH oxoaomkeHHs > 600°C/c: o — AJ135; o — B95; 0 — AMr5
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TakuM 4YWHOM, BUKOPHCTaHA METOJWKA JOCITIKEHb JI03BOJIMIIA BCTAHOBUTHU
XapakTep 3aJIeKHOCTI UCHEPCHOCTI MEPBHUHHOI CTPYKTYPH Ui BCIX aTIOMIHIEBUX
CTUIaBiB BiJ] IIBUAKOCTI iX oxoyomkeHHs. [lokazaHo, 0 OCHOBOIO CTPYKTYP IJISl BCiX
JOCTIPKEHUX CIIaBiB € o-(asza, Bi SKOI, y TOMYy YHCIHI, 3aJeXaTh iXHI MEXaHI4Hi
XapakTepucTHKU. Tomy MiJ 4ac po3poOIeHHS PEXUMIB BaJIKOBOI PO3JIMUBKHU M IIHX
CIUIaBIB JIOIIJILHO CITMPATHCS Ha OCOOJMBOCTI TBEPJIHECHHS caMme i€l CTPYKTYpHOI
cki1a10Boi (0-(a3u). BcraHoBIeHI KIJBKICHI 3aJIEKHOCTI XapaKTEPUCTHK MEPBUHHHUX
CTPYKTYp JOCHIJKEHHUX aJlfOMIHIEBUX CIUIAaBIB BiJ IIBUIAKOCTCH OXOJIOKECHHSI
NOCITYKUIN BUX1THUMU JTJAaHUMU I BU3HAUEHHSI IIBUJIKOCTEN 1X BAJIKOBOI PO3JIMBKU

METOdaMH MAaTEMATUYHOTI'O MOACJIIOBAHHS.

4.3. Tpancdopmauiss CTPYKTYpP JIMTHX 3aroTOBOK 3 JOCJIIKYBAHHUX
AJIOMIHI€EBUX CILUIABIB y3/10BK TEXHOJIOTTYHOI'0 JIAHII0KKA «BAJIKOBA PO3JIMBKA —
rapsiya NpoKaTka — TepMiuHa o0poodxa».

PoznuBka nociipKyBaHUX allOMiIHIEBUX CIUJIaBIB 3/[1MCHIOBAIIM 32 PO3POOJICHOIO
METOMKOIO Ha TAOOPATOPHIM YCTAHOBIII 3 JIaMETPOM BaJIKiB-KpucTaizaTopiB 420 MM
1 peryjibOBaHMM KyTOM HaxWjy IUIOIIMHU PO3JIUBKHU J0 TOPU3OHTY 10 45 rpaayci
(mynkt 2.8, PO3IIJT 2). [Ins Bcix OOCHIKYBaHUX CIUIABIB SIK BHUXIJHI JaHl Oyiu
BUKOPHUCTaHI IMBUJKOCTI BAJIKOBOI PO3JTMBKH, BU3HAUCHI MATEMAaTHYHUM 1 (13UUHUM
moaemoBanHsaM (PO3IJT 3). Ilix yac ekcriepuMeHTIB 0yJI0 MPOBEAEHO MOPIBHSIBHY
OIIHKY BIJAMOBIAHOCTI PEATbHUX 1 PO3PAXYHKOBUX IIBUAKOCTEH PO3IUBKH ITUX
CIUIaBiB, 3a SIKUX OTPUMYIOTHh SIKICHI JIMCTOBI 3arOTOBKHM 3aBTOBIIKH 10 4 MM 1
3aBiupiiky A0 350 mm (puc. 4.8). Hanpukiaa, onTuMainbHa po3paxyHKOBa MIBUIKICTh
JUTTS 3arOoTOBKM TOBIIMHOIO 4 MM 31 cmaBy AJ[35, BU3HaueHa MaTeMaTUYHUM
MOJIeNIIOBaHHAM, JopiBHIOE 0,535 M/c, a WIBUIKICTh, OTpUMaHa Ha JIAOOpPATOPHIi
ycTaHoBl, - 0,514 m/c, TOOTO BIAXWIICHHS BiJl PO3PaXyHKOBOT IIBUIKOCTI CTAHOBUTH ~
4%. bnu3bKi BIAXWIEHHS MIBUAKOCTENH OTPUMAHO 1 /Ui 1HIIUX CIUIaBiB: cruiaBy AMrS

- 6%; crmaBy B95 - 4%. ["apuuii 30ir 3HaueHb pO3paxyHKOBHX 1 peaIbHUX IIBUAKOCTEH
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PO3JIMBKU JJIsl BCIX CIIaBiB Ha piBHI 94+96% cCBiIUUTH NMPO aJCKBAaTHUN OIHUC
pEaNbHOTO TMPOIIECY 3aMpONOHOBAaHUMH MaTEMaTHUYHUMHU MOJACISAMHU. Y MiACYMKY
MPOBEICHUX EKCIIEPUMEHTIB BCTAHOBJEHO, 110 OCHOBHUMH TEXHOJOTTYHHUMHU
napaMeTpamu, Io 3a0e3MeuyroTh CTaOUIbHICTh NPOIECY OTPUMAHHS JIMCTOBUX
3arOTOBOK 3 JIOCHI/DKYBaHHMX aJlFOMIHIEBHX CIUIaBiB, € TEMIIepaTypa IMeperpiny,
HIBUJKICTh PO3JIUBKU, 1HTEHCHUBHICTH OXOJIOJ)KCHHSI BAJIKIB 1 PIBEHb pPO3IUIaBY B

MDKBAJIKOBOMY TIPOCTOPI.

Puc. 4.8 — JIuTTs TMCTOBO1 3arOTOBKHU Ha JIBOBAJIKOBIH JIaOOpaTOPHIiil yCTaHOBIII

Mertano3HaBul JOCHIIKEHHS JIMTHUX JIMCTOBUX 3aroTOBOK MIATBEPIKYIOTh
OTPUMAaHI BHILE PE3yJbTaTH, L0 OCHOBOIO CTPYKTYp AJIA BCIX CILJIaBIB € MEPBUHHI
KpHUCTau, TOOTO a-(a3a, o KPUCTAIIZYEThCS 32 TEMIIepaTypH JKBIAyC. 3 OTJISIY Ha
OJITHOPIJTHICTh OCHOB CTPYKTYP JUIS BCIX CILIaBIB 1 OUTBII BUCOKUN 1HTEpEC Y TaHOMY
KOHTEKCTI JJO BUCOKOMIITHUX aJIFOMIHIEBUX CIUIABIB, Al PO3IJITHEMO XapaKTEPUCTUKH
CTPYKTYp OTPUMAHUX JIUTHX 3arOTOBOK Ha MPHUKJIA/Al OJHOTO 31 CIUIaBiB. 3 OIJISAY Ha
Te, mo cimwiaB B95 mae nadmmpmuii iHTepBan kpuctamizamii (>160°C), Hagani Ha
3pa3kax 13 I[bOTO CIUIaBY JETajJbHO PO3TJISHEMO SKICHI Ta KUIBKICHI 3MIHM B
XapaKTePUCTHKAX IXHIX CTPYKTYD, K1 BiAOYBAIOThCS HA BCIX CTAIIAX TEXHOJIOTTYHOTO

JaHIFOKKa "BaJIkOBa PO3JIMBKAa — rapsda ImpokaTtka — TepmiuHa oopobka" [119, 149,

150].
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SK1110 TOBOpUTH KOHKPETHO Mpo criaB B95, To Ha cTazii "BaikoBa po3nuBka'" 3
HBOTO OTPUMYBAJIH JIUCTOBY 3aroTOBKY TOBIIMHOIO (& = 2,4 MMm). Ha cranii "rapsiua
mpokarka' 110 3arOTOBKY ITiJIJIaBaJIM Tapsviii MPOKATIll y CTPIUKYy IMPH TeMmIepaTypi
(370°C) 31 crynenem o6THCKY (€): 0, 64, 72, 80 1 88 %. Ha craxii "tepmiuna o6pooOka"
3pa3Ky MiJIaBajdl TePMOOOPOOIl 3 ypaxyBaHHSIM JaHUX IU(EPEHIIIHHO-TEPMIYHOTO
aHami3y 3a Tpboma cxemamu: Nel — Biaman 3a t = 415°C, BuTpuMKa T = 2 TOJAMUHH,
oxosiompkeHHs 3 muyto 10 150°C 1 gani Ha moBiTpi; Ne2 — 3arapryBanHs 3a t = 495°C,
BUTpUMKa T = 30 XB., OXOJOJKCHHS Y BOJI, CTapiHHSA MpH KIMHATHIN TemmepaTypi
ounbie 3-x 1i10; Ne3 — 3arapryBanns 3a t = 495°C, Butpumka T = 30 XB., 0XOJIOI>KEHHS
y BOJ1, CTapiHHA B nieyi npu temmnepatypi 120°C npoTsarom A00U 1 Jajl - OXOJOKEHHS
Ha noBiTpi [119, 149, 150].

Ha xoxHiil cTajli TEXHOJOTIYHOTO JAHIIOKKa "BajJKoBa PO3JMBKA — rapsua
MpoKaTKa — TepMiyHa 00poOKa" JOCIIIKYyBaJId MIKPOCTPYKTYpY AaHOTO ciuiaBy (B9S5).
KpiMm 1mporo, anamizyBadu BIUIMB TEXHOJOTIYHUX TMapaMeTpiB Ha KUIbKICHI
XapaKTEPUCTHUKU MIKPOCTPYKTYp 3pa3kiB, 30kpema: E — o00'eMHy 4yacTky
iHTepMeTamaaux ¢as; D — po3mip KpucTaniB iHTEpMETaNIIIB; A — mapametp hopMu
IHTEpMETAJTI 1B, IIT0 BU3HAYAETHCS K CITIBBITHOIICHHS O1IBIIIOT0 PO3MIPY KpHUCTaJia 10
MeHIoro; R — po3mip AeHApUTHUX OcepelKiB; Ar — mapameTp pOpMHU JEHIPUTHUX
OCEepeKiB. 3a aHaJOTIYHOI CXEMOK0 BHUIPOOYBAHO BCl JOCIHIJKYBaHI CILUIABH,
BIJIMIHHOCTI TMOJISITANIM TUIBKA B TEMIEPATYPHUX PEXKUMaX IXHbOTO OOpOOJICHHS, SIKI
nia0upany 3a JaHUMU JUGEpPEeHITIHHO-TEPMIYHOTO aHATI3Y JIJIsl KOXKHOTO 3 HUX.

[TpoBeneHNME AOCTIHKEHHSIMU BCTAaHOBIICHO, 110 MIKPOCTPYKTypa ciuiaBy B95
y JIUTOMY cTaHi (ToOTO micis cTafll "BajJkoBa po3JMBKA') MpeacTaBlieHa IEHIPUTAMU
a-Al  TBepAOro pO3UMHY PI3HOTO CTYMNEHS  PO3TATY)KEHOCTi, OlIbII-MEHII
PIBHOOCKOBUMHU  JCHAPUTHUMU OCEpelKaMu B ycboMy o00'eMi 3pazka. Y
MDKICHAPUTHUX TpocTopax 3HaxomuThes eBTekTHKa o-Al-@(CuAly)-S(Al,CuMg)-

Mg2Si, sika cpopMyBanacs micisi IEPBUHHUX KPUCTAIIB TBEPAOTO PO3UMHY ATFOMIHIIO

(puc. 4.9, a) [119, 150, 151].
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[Tnactuuna gedopmaliis TUTUX 3arOTOBOK Ha CTaJIIl «Trapsida MPOKaTKay CYyTTEBO
3MIHIOE TXHIO MIKPOCTPYKTYpY. Y MpoLIeci raps4oi NpoKaTKu 3 00TUCHEHHM € = 64 %
BiIOYBA€ThCSl OpI€HTAllll MEPBUHHUX KpPUCTaNlIB O—Al y HampsMKy NpOKaTKA Ta
3MEHILEHHS iX pO3MIpY Y IUIOIIMHI, MEPIEHANKYISIPHINA MoBepxHi jucrta (puc. 4.9, 6).
[TigBuiieHHs CTymneHsT OOTHUCHEHHS 3pa3KiB 10 € = 72% CHpUYUHSAE TOJaJbIIe
NOAPIOHEHHS I1HTEPMETANiIIB, fKI 37COUTBIIOTO PpO3TAIIOBaHI Ha TPAHUILIX
JNEHJPUTHUX OCEPEIKIB 1 pa3oM 13 MEPBUHHUMH KpucTaliamu o-Al opieHTOBaHi B
HaMpsAMKY npokatku (puc. 4.9, B). [Ipu nocsruenHi crynens ixupoi nedopmartii 88% B

000X MPOEKITISAX MPAKTUIHO HEMOXKIIMBO 1IEHTU(IKYBaTH IEHAPUTH 0-Al, a cTpyKTypa

Ha0yBa€e CTPOTO PsIIKOBOTO Xapakrepy (puc. 4.9, r).

o - -

B r

Puc. 4.9 — MikpocTpykTypu 3paskiB cruiaBy B95 Ha crajisix TEXHOJOTIYHOTO
JaHIIO)KKa "BaJIKOBA pO3JMBKAa — Trapsya NpOKaTKa»: a — JUTHA cTtaH; O — 3
nedopwmartieto € =64 %; B—e=72 %; T—e=88 %
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[Inactuuna nedopmaiiisi 3pa3kiB MiJ 4yac rapsyoi MPOKATKU MPU3BOJIUTH /0

KUIbKICHHX XapakTepuctuk (puc. 4.10) [149, 150].
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Puc. 4.10 — KinbkicHI XapakTEpUCTHKU CTPYKTYp 3pa3kKiB 31 craBy B95 micis
rapsidoi MPOKaTKH 3aJIeKHO BiJ] CTyNneHs Aedopmallii: a — yacTka IHTepMeTalliIHuX (as;
0 — po3Mipy KpHCTaJIiB IHTEpMETaTITHUX (Da3; B — po3Mipy JECHIAPUTHUX OCEPEIKIB; T —

napameTpa GopmMu ASHAPUTHUX OCEPEKIB

AHaJi3 KUTbKICHUX XapaKTEPUCTHK MIKPOCTPYKTYP MTOCTITHHUX 3pa3KiB 31 CILIABY
B95 micns TexHonoriyHoi cranii 'rapsya mpokaTka' CBITYUTH NpO TE, IO 3

MOCUJICHHSM CTYIEeHIO AedopMaliii BIIOYBAEThCSA 301IbIICHHS JOBXKUHU JESHIPUTHUX
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ocepenkiB a-Al TBeporo po3urHy B IUIOLIMHI, MMapajiesbHii 10 HAIpsIMy MPOKATKH,
BIJIMOBIIHO, - TapaMeTpa ixHboi popmu (puc. 4.10, a 1 6). BogHouyac 3MeHITy€eThCS
KUIBKICTh IHTEpMETATAHUX (a3 y CKJIajl CIUIaBy, 110, IMOBIPHO, MOB'SA3aHO 3 iXHIM
YaCTKOBUM PO3YMHEHHSM IIiJl Yac HAarpiBaHHs Ta B MPOIIECI rapsiuoi MpOKaTK (pHc.
4.10,B1r).

ITin gac TepmiuHOi OOpPOOKH JOCHIAHUX 3pa3KiB Yy JHMTOMY BHIJISI TEXK
BiIOYBalOTbCS TMOMITHI 3MIHM B IXHIX MikpocTpykTtypax (puc. 4.11). Bigman
MPU3BOJUTH 0 HE3HAYHOT'O OIPYyOIHHS CTPYKTYP 3pa3KiB MOPIBHSIHO 3 JIUTHM CTaHOM,
TOOTO Jemo 30UIBIIYEThCS PO3MIp TUIOK JEHAPUTIB o-ha3u 1 cepeaHid po3Mip
KpucTaiiB 1HTepMeTamiaHux (a3. dopma pocTy KpUCTaliB IHTEPMETATIIIB -
iockorpanHa (puc. 4.11, a1 0) [119, 149-151].

MIKpOCTPYKTYpH 3arapTOoBaHMX 1 MiAJ@HUX HOPUPOAHOMY CTapiHHIO 3a
KIMHATHOI TeMIlepaTypu 3pa3KiB XapaKTE€pPU3YIOThCS HASBHICTIO 1HTEPMETAIIIIB 3
OKpyTauMH (OpMaMU pPOCTY, 110 MOSCHIOETHCA MPOLIECaMU iXHBOI cdepoiauszanii Ta
koaryisuii (puc. 4.11, B). B cTpykTypax 3arapTOBaHHMX 3pa3KiB, 3ICTApEHHX 3a
temmneparypu 120°C, mops i3 BEIUKOIO KUTBKICTIO JPIOHOKPUCTAIIYHUX BTOPUHHHUX
IHTEpMETANIIIB - MPOJAYKTIB CTapiHHA, (HOPMYIOTHCS PO3TATyKEH1 Kpuctaau ¢hasu
Mg2S1 nocuth Benukux po3MmipiB - 10 20 mxM. Lli ¢da3u po3ramoBaHi sIK MO0 Mex)ax
JEHAPUTHUX OCEPEJIKiB, 110 MOXKE CBIUUTH MPO IXHE KPUCTATI3allliiHEe TTOXOIKECHHSI,
TakK 1 B IWIouMH1 1eHapuTiB (puc. 4.11, r). [losiBa iHTepMeTANIIIB Y MJIOMINHI JEHAPUTIB
o -Al, 6e3yMOBHO, € HAC/TIJIKOM BIUIMBY BUCOKOTEMIIEPATYPHOTO CTapiHHSA, Y Mpolieci
SKOTO B1IOyBaNOCA HE TIILKH BUIJICHHS 11i€i (ha3u 3 TBEPOTO POZUMHY ATIOMIHIIO, a
W TOCUTh IHTEHCUBHE TXHE 3POCTAHHS.

Sx 1 Biaman, Tak 1 3arapTOBYBaHHS JOCHITHUX 3pa3KiB 31 CTapiHHSAM MpHU
KIMHATHIA TeMmmneparypi MpU3BOAMTH O 3MEHIIEHHS O0'€MHOI YacTKU Ta PO3MIPY
iHTepmetaniaiB (puc. 4.12, a 1 6). ImoBipHO, B 000X BHUIaJIKaxX 1€ MOB'S3aHO 3
YaCTKOBUM iX pO3uMHEHHSIM y o-Al TBepmomy posuuHi. [liaBHILEHHS KIJIBKOCTI

IHTEpMETANIIHUX (a3 B CTpyKTypax 3pasKiB MiJ 4Yac 3arapTyBaHHS 31 IITYYHUM
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CTapiHHSIM, WMOBIPHO, 3YMOBJICHE BHUJIUJICHHSM APIOHUX I1HTEpPMETANIIIB MiJ dac

B r

Puc. 4.11 — 3MiHa MIKpOCTPYKTypH 3pa3KiB 3i ciiaBy B95 micis tepmigHOi
00po6ku (TO) B nuTOoMy cTaHi: a — MUTHIA cTaH; 6 — pexkum Nel; B — pesxum Ne2; T —

pexum Ne3

Po3Mip rinok nenaputiB a-Al TBepAOro po3unHy B BiANAJIEHUX 1 3arapTOBaHUX
3pa3kax MOPIBHSHO 3 JMTUM CTaHOM MOHOTOHHO 3poctae (puc. 4.12, B). ITapamerp
dbopmu TioK JeHapuTiB a-Al 3pocTae 1 B BiAMaJ€eHOMY, 1 B 3arapTOBaHOMY BUTJISII
NOPIBHSAHO 3 JINTUM CTaHOM, ajie MaKCUMajbHEe 3HAUYE€HHS Ma€ B pa3l 3arapTyBaHHA 1

CTapiHHs 3a KIMHATHOI Temneparypu (puc. 4.12, r).
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1 — nutnii cran; 2 — pexkum TO Nel; 3 — peskum TO Ne2; 4 — pexxum TO Ne3

Puc. 4.12 — KinbKicHI XapaKTepUCTUKU CTPYKTYp 3pa3KiB cmiiaBy B95S micns
TEPMIUHOI 0OPOOKH B TUTOMY BUIJISIAL: @ — YaCTKU 1HTEpMeETaIigHuX da3; 6 — po3mipy
KpPUCTAJIB IHTEpMETATIAHUX (a3; B — PO3MIPY JESHAPUTHUX OCEPENIKIB; T — mapamerpa

dbopMU JESHIPUTHUX OCEPEIKIB

[IpoBeneHO TakoX MOCHTIKEHHS CTPYKTYp AOCTIAHMX 3paskiB criaBy B9S,
NiJJaHUX BIUIMBY BCiX ()aKTOPIB Y TEXHOJIOTTUHOMY JIAHIIIOKKY "BajIKOBa PO3JIMBKA —

rapstya mpokatka (& = 88%) — Tepmiuna 00pooka" (puc. 4.13).



Puc. 4.13 — 3miHa MIKpOCTPYKTYpH 3pa3kiB cruiaBy B95 micas TepmiuHOi
00po6ku B geopmoBaHoMy cTaHi (€ = 88%): a — micis rapsyoi MPOKATKHU; O — PEKUM

TO Nel; B — pexxum TO Ne2; r — peskum TO Ne3

BcranoBneno, mo micns rapsdoi MPOKaTKA MIKPOCTPYKTYPH CKIIAIalOThCs 3
IeHApUTIB 0-Al TBepaOro po34yMHY Ta MOJPIOHEHUX IHTEPMETAIIIB. 3a3HA4eHi
CTPYKTYpHI CKJIaJIOBI OpPIEHTOBaHI B IUIONIMHI, TapajiebHIA HANpPSIMKY Trapsqoi
npokaTku (puc. 4.13, a). Tepmiuna 06poOKa MPU3BOAUTH /10 YACTKOBO1 peKpUCTaTi3aIlii
a-Al TBepgoro po3umHy, a TakoX A0 cdepoinuzaiii iHTepMeTanigHux a3, Ipo 1o
CBIZUATh OKPYTJIl MEXi po3ainy iHTepMmertaniniB. — a-Al (puc. 4.13, 6, Bir) [119, 149-
151].
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EBomtorist CTpyKTyp MOCHITHUX 3pa3KiB y370BXK TEXHOJOTIYHOTO JIAHITIOXKKA
" _ 0 . "

BaJIKOBA PO3JIMBKA - Tapsiya mpokartka (€ = 88%) - Tepmiuna 00poOka" mpU3BOAUTH 10
3MIHHU TXHIX KUJTbKICHUX XapakTepucTuk (puc. 4.14). KiIbKicTh IHTEPMETATIAIB Y IXHIX
CTPYKTypax MOHOTOHHO 3MEHIIYETHCS, 110 MOB'SI3aHO 3 IX YACTKOBUM PO3UMHEHHSM Y
a-Al tBepmomy posumHi (puc. 4.14, a). I'apsiua mpokarka crpuse MOAPIOHEHHIO

IHTepMETAIIHUX (a3 1 € CTUMYJTIOBAILHUM (PaKTOPOM IPOIIECY TX PO3UYNHECHHS.

15,5 3,25
E 15 =

g 14,5 s = %2
= o ) < d

£ X 5 m 3,15
2 14 SIN=1
& o %5

5 § 135 =g 3l
= 13 =

5 2 2305
S 125 E

12 3 i
11,5 2,95
1 2 3 4 1 2 3 4
a 0

65 49
63 <

4,7
2z 6l o
= X

S = 59 8o 45
S 2 &
= 57 9

T A a8 43
=E 55 5 %

25w R
28 g E

c g ol = 2 39
T 49 =
O

; i o Lo
45 35
1 2 3 4 1 2 3 4
B r

1 — micnst mpokatku; 2 — pexkum TO Nel; 3 — pexum TO Ne2; 4 — pesxxrim TO Ne3
Puc. 4.14 — KinbKicHI XapakTEpUCTUKU CTPYKTYp 3pa3kiB cruiaBy B95 micis
TepMidHOi 00poOKH B AeopMoBaHOMY cTaHi (€ = 88%): a — yacTKH THTEPMETAITHUX
da3; 0 — po3Mmipy KpHUCTaliB IHTepMETAIIHUX ¢a3; B — PO3MIPY ACHIPUTHUX

OCEpPEJIKIB; T — mapaMeTpa (popMu JEHIPUTHUX OCEPEIKIB
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Tepmiuna o0poOka (Biaman i 3arapTyBaHHS) JOCITIAHUX 3pa3KiB MICIS IXHBOI
MPOKATKH CIPHs€ 3MEHILIEHHIO pO3Mipy 1 mapameTpa GopMu iHTEpMETai 1B, 0COOIMBO
B pa3i 3arapTyBaHHA 3 MPUPOIHUM cTapiHHsIM. (puc. 4.14, a u 6). A xapakTep 3MiHH
po3Mipy Ta mapameTrpa GOpMH ACHAPUTHUX OCEPEIIKIB O-TBEPOTO POIUMHY CBITIUTH
Ipo pEeKpUCTaTi3aliifHI TpOIEecH, IO BiAOYyBalOThCS TiJ dYac HarpiBaHHS
nedopmoBanoro merany. (puc. 4.14, Bur).

3a aHAJIOTIYHOIO CXEMOIO0 BUBYEHO €BOJIIOLIIO CTPYKTYP OTPUMAHHUX CTPIUOK ISt
BCIX JIOCII/KEHUX allfoMiHI€BUX cIiiaBiB (AJ[35, AMrS). BuznaueHno mapametpu hopm
1 pO3MIpH TUIOK JACHAPUTIB O.-TBEPJIOTO POZUMHY, a TAKOXK YACTKH, (GOPMH Ta PO3MIpH
KPUCTaJIB IHTEpMETATIAHUX (a3 3aJIeKHO BIJl PEKUMIB 0OpOOJIEHHS B3JIOBXK yChOTO

TEXHOJIOTTYHOT'O JJaHIIIOKKaA.

4.4. BuBYeHHsl BIUIMBY PeEXKHMMIB rapsidyoi NPOKATKH JMTHX 3pa3KiB 3
AOCJIIKYBAHUX AJIOMIiHI€EBUX CILIABIB HA iX AAIKICHI XapaKTEePHCTUKH.

JIis BCTaHOBJICHHSI CIIAJIKOBOTO B3a€MO3B'SI3KY CTPYKTYpHU 1 BIIACTHBOCTEH
JOCIITHUX 3pa3KiB 13 JOCHIKYBaHUX CIUIaBIB HAa BCIX CTaisfiX TEXHOJOTTYHOTO
JIAHITIOKKA "BaJIKOBa PO3JIMBKA — Trapsya MpoKaTka — TepMidyHa oOpoOka" mpoBeneHi
MEXaHIYHl BHUNPOOYBaHHS Ha pO3pUBHIN yHiBepcanbHi MammuHi UTM-100T 3a
CTAHJAPTHOIO METOJAMKOI JUIS BHU3HAYCHHS IXHIX MIMHICHUX 1 IUIACTHYHUX
xapakrepuctik (TOCT 11701-84).

PiBeHp MexaHIUHMX BJIACTUBOCTEH JOCHIJHMX 3pa3KiB 13 JOCHIIKYBaHUX
CIUTaBIB MICJIS iX BAJIKOBOI PO3JIMKY CBITUUTH, 110 B TUTOMY BUTJISA/I BOHH, 33 BITHOCHO
BHUCOKOI'O PIBHSI MIITHICHUX XapaKTEPUCTUK, MAIOTh Ay>K€ HU3bKY TIACTUYHICTb, & JUIs
BHUCOKOMIITHOTO MIMPOKOIHTEPBaILHOTO ciuiaBy (B95) BoHa B3aram Onm3bka 10 HYJIS
(Tabn. 4.4). 3 eneMeHTIB MIKPOCTPYKTYpPH, IO BIUIMBAIOTH Ha BJIACTMBOCTI JIMTOL
3arOTOBKH, T'OJJOBHUM YHWHOM, BIJA3HAYalOTh MEPBHHHI KPUCTAIM IHTEPMETAIHUX
CIOJIYK 1 PO3MIpH TIMOK JeHApuTIB [152]. YCyHeHHS NEHIPUTHUX JKBaIlid 1

PO3YMHEHHSI YaCTUHOK HEPIBHOBAXXHUX (Pa3 JOCATAIOTHCS ILIIXOM TOMOTEHI3yH0UOTO
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B/IMAJTy JINTOI 3arOTOBKH Iepe] MpokaTkor. Yac romoreHizarlii nepedyBae B MpsMiii

3aJIe)KHOCTI Bl pO3Mipy TUIOK ACHIPHUTIB.

Taomuis 4.4
MexaHiyH1 BTaCTUBOCTI 3aTOTOBOK Y JIATOMY BUTJISAI
602, GB; 61 \Il’
Cmiias
H/mm? H/mm? % %
AZI35 140 190 12,5 9,3
AMrS 150 200 3,3 2,6
B9S 250 300 0,2 —

['omoreni3ytounil BiJnana AOCHIIHUX 3pa3KiB MEpel rapsyuM IpOKaTyBAHHIM
BIUIMBA€E Ha iXHIO CTPYKTYpY 1 Me€XaHi4Hl BIacTUBOCTI. CTPYKTypa JUTOI 3arOTOBKH,
OTPUMAaHOI 3 PIAKOr0 CTaHy, HapuKiIaj, ciary B95 npencraBnena 3epHaMu TBEPIOTO
PO3YHMHY AJTIOMIHIIO, HA KOPJOHAX SIKUX PO3TAlIOBYIOTHCS KOJIOHII €BTEKTHUKH (pHC.
4.11, a). HarpiBanus 3pa3skiB 31 cruiasy B95 o temmnepatypu 490°C npotsirom yacy
rOMOTEeH13allii MOCHITIOE TIPOIEC PO3MaAY NEPECUICHOTO TBEPIOTO POZUNHY ATIOMIHIIO
1 CYNpOBOJUKYETHCA 3MEHIICHHSM O00'€MHOi YacTKM Ta pO3MIpY KpHUCTaJiB
inTepMeramiaaux ¢a3 (puc. 4.12, a i 6). CrpykTypa 3a mepepi3oM (TOBIIHHOIO)
JUCTOBOI 3arOTOBKHM CTa€ OUIBIN OJHOPIAHOIO, TOOTO BIACYTHI 30HU 3 NEPEBAXKHO
npiOHUMH a00 BeNUKUMU 3epHamMu o-(as3u. e mpu3BoauTh 10 MOMITHOTO 3HMKEHHS
MEK1 MIITHOCTI 3a BIJJHOCHO HEBEJIMKOTO IIABUIIECHHS BIJHOCHOTO ITOJOBKEHHS.

Temnepatypy HarpiBaHHs 3pa3KiB Tepea NPOKATKOI [JIs PI3HUX CIUIaBiB
NpU3HaYalIu BIANOBIIHO 0 TeMIlepaTyp iXHIX (a3oBUX MEPETBOPEHb, BU3HAYEHUX
nudepeHIIiHO-TepMIYHUM aHaiizoM (Tabn. 4.1). Bona 3anexuTh BiJ BIAMOBIIHOI
TEMIEPATypHU COIAyca 1 JUIsl JOCTKYBaHUX CIUIaBiB nopiBHIOE: B95S — 370 °C, AMr5

—450 °C, A135 — 480 °C. 3pazku 3aBmupiiku ~ 40 MM 1 3aBI0BKKH ~ 150 + 200 Mmm



140

neopMyBaniicsi Ha MPOKATHOMY CTaHI 3 JiaMeTpoM pobOouux BajkiB 90 Mm 3i
IIBUKICTIO TTPOKaTKX 2 M/XB. BigHocHa nedopmaitis 3pa3ka (€) 3a ouH mpoxia Oya
NpUIfHATAa TaKo, M0 JopiBHIOBanma Omm3bko 20%, i BU3HAYamacs ISl KOXKHOTO

cryneHs ootucHeHus (2 = ho/ h;) (tadm. 4.5).

Tabmm 4.5
[TapameTpu BUIIPOGOBYBAHUX 3Pa3KiB Y MPOLEC] rapsA4oi MPOKATKH
ho, Mm hi, mm ha, Mm hs, ym Na, Mm
1,77 0,85 0,56 0,42 0,35
AJ3S g0, % &1, % &, % &3, % &1, %
0,0 52,1 68,2 76,1 80,5
o > > >3 D4
1,0 2,1 3,1 4,2 51
ho, mm h1, mm ha, mm hs, mm ha, mm
1,52 1,1 0,85 0,6 0,33
AMrS o, %0 &1, % &2, % &3, % &4, %
0,0 27,6 43,9 60,3 78,3
D0 D1 D2 >3 D4
1,0 1,4 1,8 2,5 4,6
ho, mm hi1, mm ha, mm hs, mm N4, Mm
2,37 0,87 0,66 0,46 0,28
B9S &o, % &1, % &2, % &3, % &4, %
0,0 64,4 72,1 80,5 88,3
D0 D1 D2 D3 D4
1,0 2,8 3,6 5,1 8,8

ITin yac anami3zy pe3yJbTaTiB CIij BpaxyBaTH, 10 e€Tan "rapsida nmpokarka'", 1mno
CyTi, € TEPMOMEXaHIYHOI OOpOOKOI0 BHUIPOOOBYBAaHUX 3pa3KiB. Tomy mim dac
HarpiBaHHS JIUTUX 3arOTOBOK IEPE]] MPOKATKOIO THTEPMETAIIIA PO3YHHSIOTECS B o-Al
TBEPAOMY pO3YHMHI HE3QJIEKHO BiA Tully criaBy. [licis MpoOKaTKu IMIBUIAKICTb
OXOJIOJIKEHHSI TOHKHX 3pa3KiB JOCUTH BEJIHKa, TOMY po3mnaay a-Al TBEpIoro po3uuHy
He Bi1OyBaeThes (puc. 4.15). Lle mpu3BoAUTH 10 3MILIHEHHS BCIX CILJIABIB, HE3AJIEKHO

BiJl CTyneHs iX o0TucHeHHs (puc. 4.16 —4.18, a1 0).
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2; =10 2,8 3,6 5,1 8,8

Puc. 4.15 — 3mina MikpocTpykTypu crutaBy B9S micis rapsuoi mpokaTku 3a

PI3HOTO CTYIEHS! OOTUCHEHHS

MexaHi4HI XapaKTEPUCTHKH TOCITIPKYBaHUX CIUIABIB Y TUTOMY BUTIsAL (X =1)
BU3HAYEHO JI0 MOIEPEHBOT0 HArpiBaHHS BUIIPOOYBaHUX 3pa3KiB Mij] MpoKaTKy. Bonu
CBIJTYaTh, IO METAJI Y JINCTOBHMX 3arOTOBKAX ISl BCiX TUIIIB CIUJIABIB y TUTOMY BUTJISII
XapaKTEPU3YEThCS BIIHOCHO BUCOKHM PiBHEM MOKa3HHKIB MilHOCTI (05) — 140+250
MIla (ta6n. 4.4). [TokazHUKH MIACTUYHOCTI NPU IILOMY IEepeOyBalOTh HA PIBHI: 0 =
0...0,2 % ma BucokominHoro cmiaBy B95; ¢ = 3...13 % myis criaBiB cepenHbOl Ta
HU3bKOT MittHOCTI AMTS 1 AJI35. (Tabn. 4.4, puc. 4.16 — 4.18, B) [149-151, 154].

[Ticnss rapsidoi mpoKaTKU 3pa3KiB pPIBEHb iXHIX MEXaHIYHUX BJIACTUBOCTEH
ICTOTHO TIJABUINYEThCS IS BCIX cruiaBiB. HalOuibln 3HaAYyIlle MiABUIIEHHS MEXI1
MIIHOCTI JIJIsl BCIX CILIaBIB B1IOYBA€THCS, MPAKTUYHO, MICIS TMEPIIOTO X 0OTHCHEHHS
(2=2, e=50%). IonaneIie 30iIbIICHHS CTYNIEHS] OOTHCHEHHS HE BUSBUIIO ICTOTHOTO
MIJBUIIICHHSI MIITHOCT1 CIUJIaBiB, Xo4a il cruiaBy B95 MoxkHa mobauuTy HE3HA4HE
3pOCTaHHA TPAaHMYHUX 3HaueHb HHUX mapameTpiB. Kpim mporo, mis craBy B95
CIIOCTEPITa€ThCSA TEHJEHIIIS 10 3POCTaHHS iX BIIHOCHOTO MOJ0BXkeHHs (puc. 4.18, B).
[{s TeHaeHIls BIAPI3HAETHCSA B 3a3BHYall CIIOCTEPEXKYBAHOI NMPU TEPMOOOPOOIL
3aKOHOMIPHOCTI, KOJIM 31 3pOCTaHHSAM IMOKa3HUKIB MIIHOCTI IUIACTUYHICTH CILIaBY

SMCHITYETbBCA.
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Puc. 4.16 — 3anexHicTb MEXaHIYHUX BIACTUBOCTEH criaBy AJ[35 Bix cTyneHs
OOTHMCHEHHS MiJ 4Yac rapsdoi MPOKaTKH: a, 0 — MEXi TUIMHHOCTI Ta MIIHOCTI; B —

BiJIHOCHE TIOJIOBXXEHHS Gop, MIIa > 0
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Ggp, Mlla
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Puc. 4.17 — 3anexxHicTh MEXaHIYHHUX BIACTUBOCTEH criaBy AMrS Bin cTyneHs

OOTUCHEHHS MiJ Yac Trapsvoi MpoKaTKU: a, 0 — MEX1 IUIMHHOCTI Ta MIIHOCTI; B —

BIJTHOCHE ITOJIOBKEHHS



144

400
350
300
250
200
150 a
100

50

G, MIla

450
400
350
300
250
200 0
150
100

50

o,, Mlla

10 5. %

0 Zi
1 2 3 4 5 6 7 8 9

Puc. 4.18 — 3anexHicTh MEXaHIYHMX BJIacTUBOCTEH cruiaBy B95S Bim cTynens
OOTHMCHEHHS MiJ 4Yac rapsvoi MpPOKaTKW: a, 0 — MEXi TUIMHHOCTI Ta MIIHOCTI; B —

BITHOCHE ITOIOBKEHHS
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3 naHux pucyHkiB (puc. 4.16 — 4.18) BuriuBae, 1o rapsiya npokaTka CTpiuokK 13
JOCTIPKYBaHUX CIJIaBiB Mae€ TOMITHUH BIUIMB Ha pPIBEHb IXHIX MEXaHIYHUX
XapakTepucTUK. HalicyTTeBilie mpokaTka BIUIMBa€E Ha PIBEHb MEXKI MIITHOCTI (0,) 1
BiJTHOCHOTO TIOJIOBXKEHHS (J) ISl IIUPOKOIHTEpBAIbLHOTO ciuiaBy B95. ImoBipHO, Take
MIBUIIEHHS MEXI MIIIHOCTI ISl MUX CIDIaBIB 3yMOBJICHE CTPYKTYPHUMH 3MIHAMH,
MOB'I3aHUMH 3 PO3YMHEHHSM IHTepMETAligHUX ¢a3, a 3pOCTaHHS BiIHOCHOTO
MOJIOBKEHHSI — 31 3MEHIICHHSIM pO3MIpy U mapameTpa (OpMU KPUCTATIB, SIK TBEPAOTO

PO3UYHHY aJTIOMIHIIO, TaK 1 IHTEpMETATIAHUX (a3.

4.5. BuBYeHHs BIUIMBY peXHUMIB TepMi4yHOI OOpOOKHM rapsiyeKaTaHMX
3pa3KiB i3 TOCHIIKYBAHNX AJTOMIiHIEBUX CILIABIB HA X MeXaHIYHi BJIACTUBOCTI.

[lin yac ¢opMmyBaHHS KIHIIEBOI CTPYKTYpPH 1 BIACTUBOCTEH rapsiueKaTaHuX
CTPIYOK 13 OCIA)KYBAHHUX AJIFOMIHIEBUX CIUIABIB ICTOTHY POJIb BIAIIPA€ iXHA TEPMiUHA
oOpoOka. VY 1muX JOCHDKEHHSX Oyiau oOpaHi HaWMONIMPEHINl CHOCOOU
TEPMOOOPOOKH, SIK1 JIeTalibHO po3nucani Bule (myHKT 4.3, Nel, Ne2 ta No3).

Temneparypu HarpiBaHHs 3pa3kiB MijJ 4Yac MPOBEACHHS TEPMOOOPOOKH ISt
PI3HMX CIUIAaBIB MIPU3HAYAIN BIAMOBIAHO JI0 TEMIIEpATyp iXHiX (a30BUX MEPETBOPEHbD.
[1i1 yac mpoBeAeHHS BiANALY JUIsl JOCIIIKYBaHUX CIUIaBIB TEMIIEPATYPH HArPIBY MaJH
taki 3HaueHHs: B95 — 415°C; AMrS — 435°C; AJI35 — 435°C. Ilig yac npoBeaeHHS
3arapTyBaHHs BHUIPOOOBYBAHMX 3pa3KiB, HE3aJEKHO BIJ CIOCOO0Y CTapiHHS,
TEeMIIepaTypy HarpiBYy JJisl TOCIIKYBAHUX CIUIaBiB Maiu Taki 3HaueHHs: B95 —495°C,
AMrS - 520°C, AA35 —520°C.

Pe3ynbraT MexaHiyHUX BUINPOOyBaHb, Hampukiai, ciary B95, mposeaennx

MIiCTsl TapsA40l MPOKATKU Ta BIJIMOBITHUX BUIIB TEPMOOOPOOKH, HABEACHO y TaOIHII

4.6.



146

Tadomui 4.6

MexaHi4HI BTaCTHBOCTI rapsYeKaTaHuX 3pa3KiB 3i criaBy B95S

Iapamerpu 602, MIIa Gs, MIIa 8, % v, %
MPOKATKH
y rapsiYeKaTaHoOMY CTaHi
ho= 2,37 MM,
2,':1.0, = 0%
R i 247 0,03 0,03
ho= 0,84 MM,
2=2.8, ¢ = 64%
R 334 364 2,51 244
ho= 0,66 MM,
2=2.9,e=72%
319 369 4,84 4,63
ho= 0,49 MM,
2=3.6, ¢ = 76%
©T 352 397 3,7 3,53
ho= 0,28 MM,
2:=8.5, ¢ = 88%
¢ R 276 403 9,9 8,9
micyIs BiNaNy rapsueKkaTaHuX 3pa3KiB
ho= 2,37 MM,
2:=1.0, e = 0%
R 138 187 2,64 2,57
ho= 0,84 MM,
2:=2.8, £ = 64%
¢ ° 181 243 10,66 9,63
ho= 0,66 MM,
2=2.9,¢e=72%
172 246 10,8 9,74
ho= 0,49 MM,
2=3.6,e=76%
171 250 13,1 11,54
ho= 0,28 MM, 161 245 9,1 8,32
2:=8.5, £ =88%
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MPOJIOBXKEHHS Ta01. 4.6

IHapamerpu 602, H/mm? 65, H/Mm? 0, % Y, %
MPOKATKHU

MiCJIst 3arapTyBaHHA 3 IPUPOJAHUM CTAPIHHIM

ho=2,37 MM, 298 328 1,38 1,36
2,':1.0, e=0%

ho= 0,84 MM, 321 457 10,68 9,64
2=2.8,e=64%

ho= 0,66 MM, 310 461 11,63 10,39
2=2.9,e=72%

ho= 0,49 MM, 326 493 16,09 13,85
2=3.6,e=76%

ho= 0,28 MM, 264 435 20,14 16,69
2:=8.5,¢e=88%

MICIIs 3arapTyBaHHS 31 IITYYHUM CTApiHHAM

ho= 2,37 MM, 399 420 0,53 0,52
2:=1.0,e=0%

ho= 0,84 MM, 467 o011 2,42 2,36
2=2.8,e=64%

ho= 0,66 MM, 471 526 3,67 3,54
2:=29,e=72%

ho= 0,49 MM, 502 568 7,21 6,71
2:=3.6,¢=176%

ho= 0,28 MM, 240 501 12,92 11,44
2;=8.5, ¢ = 88%

VY pesynbratu jJabopaTOpHUX BUMPOOYBaHb JUIsI BCIX JOCHIKEHUX CIUIaBIB

OTPUMAHO aHAJIOTIYHI J]aHi, IO MPECTaBICH] y BUTJISII TICTOTpaM 3MiHH TTapaMeTpiB
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iXHIX MEXaHIYHUX XapaKTEPUCTHUK 3aJICKHO BiJ] CIIOCOOIB TepMiIdHOI 0OpOOKH (pHcC.
4.19 — 4.21). Araii3 nux JaHUX TOKAa3ye, MO TepMOOOpoOKa rapsiaeKaTaHuX 3pas3KiB
ICTOTHO BILUIMBAa€ HA MEXaHIYHI XapaKTEPUCTUKH BCIiX CIUIaBiB. baunmo, 1o pexumu
TEPMOOOPOOKH TapsYeKaTaHWX 3pa3KiB 13 JOCHIPKCHUX CIUIABIB IO-PI3HOMY
BITUBAIOTh HA TXHI MEXaHIYH1 BIACTUBOCTI.

Cnnaes A/[35. Ilpu mIiTydHOMY 1 IPUPOJHOMY CTApIHHI MOKA3HUKH IJIACTUYHOCTI
Ha OJIHAKOBOMY piBHI, B paiioni 20% mpu S-kpaTHOMy 00THCKY. Mexa MIIIHOCTI 3a
TOro X OOTHCKY HE3HAYyHO BHWIA 3a INTy4yHOro crapiHHg (Ha 35 MIla), HiX 3a
PUPOIHOTO cTapiHHA 1 opiBHIOE 330 MIla.

Cnnas AMe5. J1jis 1pOro CIjiaBy HaiKpale noeaHanHs MitHocTi (g, = 348 M1la)
1 TutactuaHOCTI (0 = 13%) 3a6e3mneuye peskum No2 3a monepeHbo1 rapsyoi MpoKaTKU 3
4-KpaTHUM OOTHUCHEHHSIM.

Cnnas B95. Bunuii piBeHb pe3yabTaTiB OyB TOCATHYTHUM MICHS 3arapTyBaHHS 3
OPUPOAHUM 1 IITYYHUM crapiHHsM. [lpu mpupomHomy crtapiHHi Oyna JIOCATHYTa
HalBUIIIa TOYKA MIACTUYHOCTI (0 = 20%). 3a ITYy4HOTO CTapiHHSA 1 6 KpaTHOTO OOTUCKY
3adikcoBaHO 3pocTaHHs Mexi1 MirtHOCTI 3 420 1o 502 MITa.

Bucokomirauii antominieBuii criaB B95 3 mmpokuM iHTEpBajIoM KpucTaizallii
162°C, sixuit Oinble IiKaBUTh HAC, ONTUMAIBLHOTO PIBHSI MEXaHIYHHX BJIACTUBOCTEH
JOCSITa€e MICIs 3arapTyBaHHS 3 MPUPOIHUM cTapiHHIM (pexum Ne3, puc. 4.21). [lpu
bOMY 3HAYEHHS MEX1 MIITHOCTI JIJIsl LIbOT'O CILIaBy fgocsirae piBHs 545 Mlla, a BigHOCHE
nonoBxkeHHs 20%. bau3pki A0 ONTUMAaIbHUX OTPUMAHO PE3YJNbTaTH 1 TMiJl Yac
3arapTyBaHHS 31 INTy4YHUM CTapiHHAM. Pi3HML B pe3yibpTaTax 3a INTYYHOTO 1

NPUPOIHOTO CTAPIHHS HE TaKa CYTTEBA 1 KOJMBAETHCA B J1ana3oHi 2-5%.
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Puc. 4.21 — BruiuB pexxuMiB TepMI4HOT OOpOOKM Ha MEXaHI4YHI BIACTUBOCTI CIUIaBY

AJ135: 1 — y rapsiuekaTaHoMy CTaHi; 2 — BiAnal; 3 — 3arapTyBaHHS 3 IPUPOIHUM

CTapiHHAM; 4 — 3arapTyBaHHS 31 IITYYHUM CTapiHHSM.
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B95: 1 — y rapsiuexkaranoMy cTaHi; 2 — Bianani, 3 — 3arapTyBaHHsI 3 TPUPOTHUM
CTapiHHAM; 4 — 3arapTyBaHHS 31 IITYYHUM CTapiHHSM.
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Takum unHOM, pe3yJabTaTH MPOBEACHUX JOCITIKEHb MOKA3YyIOTh, IO METOJI0OM
BaJIKOBOI PO3TUBKU-TIPOKATKH MOXKHA OTPUMATH JIUCTOBY METAIOMPOAYKIIIIO 3 PI3HOTO
CIIEKTpa aJIFOMIHIEBUX CIUIaBIB, 30KpeMa CIUIaBIB 3 JyX€ IIUPOKHUM 1HTEPBAJIOM
kpuctamnizamii (>160°C). [Ipu mpoMy aJis BCIX CIUIaBiB 3a0€3ME€Uy€ThCS TaKU PiBEHb
MEXaHIYHUX XapaKTePUCTUK IMTa0, SIKUW TMEpPEeBUIINYyE BIAMOBIAHI CTaHAAPTHI MEXI

(TOCT 8617-81, ta6u. 4.7).

Tabmuns 4.7
MexaH14Hi BIaCTHUBOCTI 1ITA0, OTPUMAHUX BAJIKOBUM JIUTTSIM

Mexa Mexa Bignocue
Cnaas IUIMHHOCTI 602, MIIHOCTI O, ITOJIOBKECHHS

MIla MlIIa 0,%
A35 ExcnepuMeHT 254 333 20
(6082) Cranmapt 245 314 8
AMr5 ExcnepuMeHT 226 348 18
(5056) Cranmapt 127 255 15

B95 Excnepument 475 545 20

(7075) Cranmapt 461 520 6

BucHoBkHM 10 po3ainy

4.1. OpepxaHi pe3yJbTaTH IIOJ0 BIUIMBY IIBUAKOCTEH OXOJOMKCHHS
JOCITIIKYBaHUX amtoMiHieBUX criiaBiB B95, AMrS 1 AJ/135 na popMyBaHHS CTPYKTYpHU
JUTUX 3aroTOBOK 3 HHX, SKI BIJKPUBAIOTh JOJATKOBI pPE3epBU MIABUILIEHHS iX
BJIACTUBOCTEH. BcTaHOBIEHO, 1110 /I IHTEHCUBHOCTI TEIUIOBIIBEICHHS, XapaKTEPHOI
JU1s yMOB BasikoBoi po3nuBkuU (~1000°C/c), nucnepcHicTh 3epeH o—(a3u BCiX CIUIaBiB
y 3-5 pa3iB BuUIlla, HDK JJIS THITUX PEKUMIB IIBUAKOCTEH OXOJOMKEHHS.

4.2. Henpsmumu wMeTomamMu JAOCTIHKeHb ((pI3UYHE Ta MaTeMaTUYHE
MOJICJIIOBAHHSI)  BHM3HAYEHO  TEXHOJIOTIYHI  MapaMeTpu  BaJKOBOi  PO3JIMBKHU

JOCITIKYBaHUX aJTIOMIHIEBUX CIUIABIB (IMIBUAKICTH PO3JIUBY, TEMIIEpATypa PO3JIMBKH,
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IHTEHCUBHICTh TEIUIOBIJIBEJICHHSI TOILO), aJE€KBAaTHICTh SKHUX EKCIIEPUMEHTAIbHO
miATBep/UKeHa Ha JabopaTopHiil ycTaHOBLI. Bmeprne y cBITOBI MeTamypriiHii
MPaKTUIll METOJOM BAJIKOBOI PO3JMBKA OTPUMAHO JIUTI JIMCTOBI 3aroTOBKH 13
BHUCOKOMIITHOTO aJIOMiHI€BOTO CcIuiaBy cuctemu Al-Zn (B95) 3 mupoxum iHTEpBaIom
kpucranizaiii (>160°C).

4.3. Ha k0xHO1 cTaiii TEXHOJIOTTYHOTO MPOIECY «BaJIKOBA PO3JIMBKA — rapsya
npoKaTKa — TepMiuHa 00poOKa» A yCiX CIUTaBiB BU3SHAYEHO 3MIHHM XapaKTEPUCTHK iX
CTPYKTYp Ta BIaCTHUBOCTEH. BcTaHOBNIEHO, IO piBEHb MEXAHIUHUX XaPAKTEPUCTHUK JJIs
yCiX CIUIaBiB, TOJIOBHUM YHMHOM, BU3HAYA€THCS JAUCIIEPCHICTIO MEPBUHHUX KPUCTAIIB
a-Al Ta iHTepMeramigHMX ¢a3. JII KOXKHOrO CIUTaBy BHU3HAYCHO KIJIBKICHI
XapaKTEPUCTUKH CTPYKTYP, IPU SIKUX OTPUMYBAaHUMN aTIOMIHIEBUH JIUCT MAa€ HalBUII
MOKa3HWKHA MEXaHIYHUX BIACTUBOCTEH.

4.4. JIns yciX NOCHIIPKEHUX CIIAaBIB BU3HAYEHO ONTUMAJbHI PEXKUMU rapsyuol
NPOKAaTKA Ta TEPMIYHOI OOpoOKM, IO 3a0e3NneuyloTh MaKCHUMaJIbHUM PIBEHb
MEXaHIYHUX BJIACTHUBOCTEH OJIep>KYBAaHOI JIMCTOBOI mpoaykuii. ITpu nupomy ang ycix
CIUIaBIB 3a0€3MeUyeThbCs TaKWW PIBEHb MEXAHIYHMX XapaKTePUCTHK INTa0, SKUAN
MICPEBUIIY€E BIIMOBIIHI CTAHAAPTHI MeXI1 (HAPpUKIIAI, A1 HAWOLIBII IKaBHHA /I HAC
cruiaB B95 meka MIITHOCTI MeEpeBMILYE CTaHAAPTHUM piBeHb Ha 5%, a BiIHOCHE

MOJIOBXKEHHS — 3,3 pasiB).
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OCHOBHI BUCHOBKH

1. MeTtomoM MaTeMaTHYHOTO MOJCIIOBAHHS BCTAHOBJIEHI 3aKOHOMIPHOCTI
TEIUIO- MacOOOMIHHUX TMPOIECIB Yy BaJKOBOMY KpHCTalIi3aTopi MHpH PO3JTHMBaHHI
amoMiHieBux crutaBiB B95, AMrS 1 AJI35. Orpumani piBHSHHS perpecii JiHIHHUX
MIBUKOCTEH PO3JIMBKK JOCHITHUX QIIOMIHIEBUX CIUIABIB BiJl TEXHOJOTIYHUX
rapaMeTpiB, a caMe TOBIIMHU 1mTadu (6 = 1+4 mm); kyta meHicka (f = 10+33 rpan.);
paniycy BankiB (R = 200+400 mMMm) Ta TemmepaTypu meperpiBy posmiaBy (At =
10+60°C). IToka3aHo, 1110 IMBHIKOCTI BAJIKOBOI PO3JIMBKH ISl BHILC BKa3aHHUX CILIABIB
Ha Jab0opaTOPHOI YCTAHOBII KOPEIOIThH 3 PO3PAXYHKOBUMU 3HaUYCHHIMH (> 95%) 1
3a0e3MeuyIoTh OICp’KaHHS 3 HUX JUCTOBHUX 3arOTOBOK 337aHOT TOBIIIUHH.

2. MerogoM (I3UYHOTO MOJEIIOBAHHS BCTAHOBJEHO 3aKOHOMIPHOCTI
TEIUIOOOMIHY MIXK pPIJKUM METaJoM 1 BaJKOM-KPHCTali3aTOpoM Ta po3poOJIeHO
e(peKTUBHUN CNOCI0O NIABUIIEHHS TEIJIOBOI pOOOTH KpHUCTaII3aTopa LUISIXOM
HAHECEHHS IMIOPCTKOCTI Ha BHYTPIIIHIO MOBEPXHIO OaHaxa Bajka. BcraHoBieHo, 1110
KUIBKICTh BIABEJEHOIO TEIjia BiJ Bajka 3 MIOPCTKICTIO 30uIblIyeThess A0 45%
MOPIBHSHO 31 CTaHJAPTHUM TJAIKUM BaikoMm. lle Hamamo 3Mory mpoBecTH Mpoliec
BaJIKOBOi PO3JIMBKU IIUPOKOTO CIEKTPY aJTIOMIHIEBUX CIUIABIB, Y TOMY YHCII
BHCOKOMIIIHUX aJlFOMIHIEBUX CIUIABIB, 110 MAlOTh IIMPOKI IHTEPBAJIA KpUCTaTI3allii.

3. MerogoMm (i3uyHOrO MOJIETIOBAHHS Ha MOJIETLHOMY CIUiaBi (kamdeHi)
BU3HAUYCHO BIUIUB TEILJIO- 1 MACOOOMIHHUX MPOILIECIB Y BAJIKOBOMY KpHCTali3aTopl Ha
dbopMyBaHHS CTPYKTYpH JIMTUX 3aroToBOK. [loka3zaHo, 110 TOBIIMHA 3arOTOBOK IPH
BUXOJ1 3 BajkiB Ha 15-25% wmeHme cymapHOi TOBIIMHU KIPOK Ha BajJKax 1 IO 3a
paxyHoK aedopMarii uxX Kipok BiOyBaeThcsi TpaHchopmallis rpy0oi NEpBUHHOT iX
OyZ0BU y IpIOHO3EPHUCTY CTPYKTYPY 3arOTOBKM HA BUXO/I1 13 30HU MPOKATKH.

4. BcranoBieHo, mo giId 1HTeHcuBHOCTI TemnoBiaBenenuss ~1000°C/c,
JMCIIEPCHICTH 3€peH 0—(}a3u BUCOKOMIIIHUX altoMiHieBuX criaBiB B95, AMr5 1 AJ[35
y 3-5 pasiB BWINA, HDK JUIsl 1HIIMX IIBUJIKOCTEH OXOJIOKEHHS, 110 € JOJATKOBHM

pe3epBOM T1JBUIICHHS iX BIACTUBOCTE.
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5. BcraHOBIIEHI 3aKOHOMIPHOCTI 3MIHU CTPYKTYpHU Ta BJIACTUBOCTEM JIMCTOBHUX
3ar0TOBOK 3 BUCOKOMIITHUX aJIOMiHIEBUX CIIJIaBiB HAa KOXKHOMY €TaIlll TEXHOJIOTTYHOTO
IPOLIECY «BAJIKOBA PO3JIMBKA — rapsiya NpokaTka — TepMiuHa oopookay. [lokazano, o
piBEHb MEXaHIYHMX XapaKTePUCTUK Ha BCIX eTamax BHU3HAYAETHCS PO3MIPOM
NEPBUHHUX KpHUCTaliB 0—Al Ta iHTepMmeramigHux ¢as, Kl CyTTEBO 3aleXaTb BiJ
crioco0y TepMiuHOi 00poOku. Haitbinpin BUCcOKa MIIHICTh rapsdya KaTaHUX IITad 3i
cruaiB B95, AMrS 1 AJI35 nocsiraeTscsi rapTyBaHHSM 3 IITYYHUM CTapiHHSM,
IJIACTUYHICTh — MPU IPUPOTHOMY CTapiHHI.

6. IlokazaHo, 1O po3poOJieHId Ccrmocid MIABUIIEHHS TEIIOBOI pPoOOTH
KpHUCTaIi3aropa Ta METOIMKa BUOOPY TEXHOJOTTYHUX NapaMETPIB BAJIIKOBOI PO3IUBKH
BUCOKOMIIIHMX aJIOMIHIEBUX CIUIaBIB JO3BOJIMB BIIEpIIE y CBITOBIA METalypridHiN
MPaKTUL OTPUMATH LIUM METOJOM JIMTI JJMCTOBI 3arOTOBKH 31 ciuiaBy B9S, skuii mae

HIMPOKHI 1HTepBa Kpuctanizauii 162°C.



156

CIIMCOK BUKOPUCTAHOI JITEPATYPU
1. 3aitkoB M.A., Tlonyxun B.I1., 3aiikoB A.M., Cmupnos JI.H. IIponiecc npokaTtku. —
M.: MUCHUC, 2004. — 640 c.
2. Konosanos HO.B. CnpaBounuk npokaruuka. Tom 1: ITpon3BoaACTBO ropsiueKkaTaHbIX
JUCTOB M monoc. — M.: Temmnorexuuk, 2008. — 638 c.
3. bensikoBckuii M.A. u 1p. TexHONO0THS MPOKATHOTO MPOU3BOACTBA. CIIPABOYHUK B 2-
ToMax. — M.: Metamnyprus, 1991. — 423 c.
4. OpanueHok HW.B., ®panuentok H.M. CoBpeMEHHOE METAIyprHYECKOE
pou3BoJICcTBO. — M.: Mertamnyprus, 1995. — 528 c.
5. Huxonaes B.A., Ma3zyp B.JI. Texnonoruss npou3BoAcTBa COPTOBOrO U JIMCTOBOTO
npokata. Yueonuk. — 3anopoxse: 3I'MA, 2000. — 257 c.
6. Ebumos. B.A, DnpaapxanoB A.C. TexHOJIOTUU COBPEMEHHON MeTauTypruu. — M.:
Hosrie Texnooruu, 2004. — 784 c.
7. Mazyp B.JI., HoroBuubia A.B. Teopus u TEXHOJIOTUS TOHKOJIMCTOBOM MPOKATKHU. —
Huenponerposck: PBA Taunpo-VAL, 2010. — 500 c.
8. Cadpsin M.M., Cadrsan A.M., MonuanoB A.U. TexHomorus mpoeccoB MpoKaTKU U
BoJioueHus. JIuctonpokaTtHoe npou3BoAcTBO. — K.: Buma mkona, 1988. — 351 c.
9. T'epmann O. HenpepsiBHOe smThe. llepeBoxg ¢ Hemenkoro sseika. — M.:
Merannyprusaar, 1961. — 814 c.
10. Pyrec B.C., Ackonbnos B.U., Esrees JI.I1. u np. Teopust HEnpepbIBHON pa3IuBKH.
— M.: Meramnyprus, 1971. — 294 c.
11. EbumoB B.A. PaznuBka u kpuctammmzanus cranud. — M.: Meramnyprus, 1976. —
552 c.
12. bpoeman M. 4. HenpepoiBHas pa3znuBka metamios. —M.: OKOMET, 2007. — 484 c.
13. CmupnoB A.H., Ky6epckuii C.B., lItenan E.B. HenpepbiBHast paznuBka cTaiu. —
Honenxk: JorHTY, 2011. — 482 c.
14. MunaeB A.A. CoBMelnleHHbIE METaLIypruueckue mnpoueccbl. — JloHenk:

Texnonapk Jonl TY YHUTEX, 2008. — 552 c.



157

15. Apeaun JI. BueapeHue AMHUM HENPEPHIBHOTO JHUThS TOHKUX CII00B U
OecCKOHEYHOM MPOKAaTKU TMOoJIOCkl Ha 3aBoje (upmbel Arvedi // Mertammyprudeckoe
npou3BoIcTBO U TexHojorus. — 2007. — Ne 1. — C. 46-49.

16. Arvedi G. The Arvedi endless strip production line (ESP), from liquid steel to hot
rolled coil in seven minutes // La Revue de Metallurgie — CIT. — 2008. — Ne 7, 8. — P.
398-407.

17. Kapbonu A. HenpepsIBHOE JINTHE U MPOKATKa TOHKUX CIII00B U3 cTanu kiacca AP
X70 nns npuMeHeHus B apkTU4eckux ycioBusix // Uepnsie metamibl. — 2007. — Ne 7. —
C. 51-54.

18. MarBeeB b. H. KoMmakTHbie JTUTEHHO-TIPOKATHBIE arperaThbl i MPOU3BOJICTBA
0c000 TOHKUX ropsuyekatanblx mnonoc // UYepnas weramtyprus: bron. uH-Ta
“Uepmerunpopmarus”. — 2016. — Ne 7. — C. 80-83.

19. CmupuoB A.H., KyOepckuii C.B., CmupnoB E.H. bynymee HemnpepbIBHON
pa3nuMBKU  cTanu: TOHKuM Jguct //  Uepnas wMerammyprus: bron.  uH-Ta
“Uepmerundopmarus”. — 2018. — Ne 4, — C. 73-78.

20. Ebumos B.A., Auucosuu I'.A., babuu B.H. u ap. CnenmansHbie criocoObl JIUTHS:
CnpaBounuk. — M.: MammnocTtpoenue, 1991. —436 c.

21.I'pnauna A.1O. Pa3BuTHE HayYHBIX U TEXHOJIOTUYECKUX OCHOB MPOLIECCOB BAIIKOBOM
Pa3MTUBKU-TIPOKATKU C MHTEHCUBHBIM (DOPMOM3MEHEHUEM METalIa TIPH TPOU3BOJICTBE
TOHKHX TIOJIOC C TIOBBIICHHBIM YPOBHEM MEXaHMYECKUX CBOWMCTB. J[nccepTarus Ha
COMCKAHHME YUYCHOM CTENEHU JOKTOpa TexHuyeckux Hayk: CnennanbHocts 05.03.05. —
[Ipoteccsl m mammubl 00pabOTKHM naBieHreM // HanmonanbHash MeTauryprudeckas
akageMus YkpauHnsbl. — JlHenponetposck, 2014. — 318 c.

22. Pesxkun A.B. IIpOMBINIJIEHHOE HCHOJIB30BAaHUE TEXHOJOTHMH HEMPEPHIBHOM
oTJIUBKH TOHKOTO jucTa // Ctank. — 2001, — Ne5. — C. 27-30.

23. MarBees b.H. HenpepblBHass OTJIMBKa TOHKHMX IIOJOC HAa MHMKPO3aBOJAX C

MPUMEHEHUEM BAJIKOBBIX KpucTaumzaTopoB // [IpousBoacTBo mpokarta. — 2004. — Ne

3.—C. 44 - 47; nponomxkenue: — 2004. — Ne4, — C. 33-41.



158

24. JluaaenOepr X.Y. Ilpoekt Eurostrip cCOBpeMEHHBI YPOBEHb TEXHUKH JIUTHSI
niosiockl // Uepnbie metamibl. — 2002. — Mait. — C. 70-77.

25. Jlucun B.C. Crparernueckue OpHEHTHUPBI 3KOHOMHUYECKOIO PA3BUTHUS YEPHOU
METAJUTYpPTrUU B COBpeMEHHBIX yclnoBUsX. — M.: 3A0 «M3natenbcTBO « IKOHOMUKAY,
2005. - 404 c.

26. CwmupnoB A.H., CadonoB B.M., J[lopoxosa JILB., Iympyn A.IO.
Mertamnypruyeckue Muan-3aBojbl. — lonenx: HOPJI-ITPECC, 2005. — 468 c.

27. bpoBman M.S. BO3MOXXHOCTH BaJIKOBBIX JIUTEHHO-TIPOKATHBIX arperaToB MpH
co37aHu MUHU-3aBOJ10B // Harmonanbnast metaimyprusi. — 2006. — NeS5. — C. 37-41.
28. bposman M., Hukonaes B.A. O noBbIlIeHUM Ka4eCTBAa NOBEPXHOCTH MOJIOCHI ITPU
MIPOKaTKe B BAJIKOBBIX COBMEIIEHHBIX arperarax // [IpousBonctBo npokara. — 2006. —
Ne 5. -C. 9-14.

29. bopucos B.I'. YnpaBnenue CTpyKTypor U CBOMCTBAMY QJIFOMUHHMEBBIX CILIABOB B
CHeIualbHBIX BUJaX JUThsA. ABTopedepar maucceprauuu 1.T.H. — CII6: CII6 roc.
nonuTexHud. yH-T, 2000. — 60 c.

30. Kann A.M., Kynun M.B., Illatanos P.JI. HccnegoBanue Ttemionepenadyd u
3aTBEpACBAaHMS NMPU OCCCIMTKOBOM IMTPOKATKE MAJIOJICTHPOBAHHOTO MUHKA // I{BeTHBIC
metastel. — 2002. — Ne9. — C. 80-85.

31. Illyp N.A. IlepcrekTuBBI pa3BUTHA OECCIMTKOBON MPOKATKH AIFOMUHHEBBIX
cruiaBoB // Texnonorus nerkux cruiaBoB. — 2001, — Ne 5-6. — C.38-41.

32. Wechsler R., Campbell P. The CASTRIP process at Nucor bringing the
environmentally friendly micro-mill of the future to the present // SEASI Quarterly.
September. — 2002. — P. 19-26.

33. Buchner Achim R. Thin Strip Casting of Steel with a Twin Roll Caster-Correlation
between Feeding System and Strip Quality // Steel Research. —2004. —Nel. — P. 5-12.
34. bpoeman M.J., Hukonaes B.A., [lonyxun B.II. IIpoTsbkeHHOCTH 30HBI
MJIACTUYECKOW NehopMaIiuu U JOMyCTUMAasi CKOPOCTh MPU OECCIUTKOBOW MPOKATKE

cTabHBIX 110J10C // Metamiel. — 2007. — Ne 1. — C. 44-49.



159

35. bpoman M. 4., Hukonaes B.A., [lonyxun B.I1. Ananu3 temnepaTypHOTO pexuma
U TIOBbIIIIEHHE Y(PPEKTUBHOCTH OXJAKICHHUS BAJIKOB M poiukoB // IIpon3BoacTBo
npokata. — 2007. — No7. — C. 36-43.

36. bpoeman M.S., Hukonaes B.A. TexHomorndeckue OCHOBBI M KPUTEPUU BbIOOpA
JIaMeTpa BaJIKOB-KPHUCTAIM3aTOPOB MpH OecciuTKoBOM mpokaTke // [IponsBoacTBo
npokata. — 2007. — Nel1. — C. 2-6.

37. Kawalla R. Properties of Magnesium Strips produced by Twin-Roll-Casting and
Hot Rolling // Materials Science Forum. — 2011. — Vol. 690. — P. 21-24.

38. Watari H. Twin roll casting of magnesium alloys with high aluminum contents //
Journal of Achievements in Materials and Manufacturing Engineering. — 2006. —
Vol.18. — Iss.1-2. — P. 419-422.

39. A.W.Cramb. Iron and Steel Making, 1988. — P. 45.

40. Cunenbaukos C.b., Koncrantunos U.JI., Bopommnos JI.C. TexHonorus npokaTku:
yueOHuk. M3nanue 3-e, nom. u nepep. — Kpacnosipck: Cubupckuii ¢peaepanbHblil YH-T,
2016. -180 c.

41. Ferry M. Direct strip casting of metals and alloys. — Cambridge: Woodhead
Publishing Limited, 2006. — 292 p.

42. Wechsler R. The status of twin-roll casting technology // Scandinavian Journal of
Metallurgy. — 2003. — Vol. 32 (Ne 1). — P. 58-63.

43. Zapuskalov N. Comparison of continuous strip casting with conventional
technology // ISIJ International. — 2003. — Vol. 43 (Ne 8). — P. 1115-1127.

44. Sa Ge, M. Isac and R. I. L. Guthrie: Progress of Strip Casting Technology for Steel;
Historical Developments /ISIJ Int. — 2012. — Vol. 52. (No. 12). — P. 2109-2122.

45. HNanuenko B. H. KapaunanbpHble M3MEHEHUS! TEXHOJOTUU W TPOOJIEMBI TEOPHH
NPOU3BOJCTBA CTAJIBHOrO TMpokata // Meramiypruyeckas #W  TOpPHOpYJHas
npombinuieHHOCTh. — 2000. — Ne 8-9. — C. 13-19.

46. Zhang X. M., Jiang Z. Y., Liu X. H., Wang G. D. Modelling of the micro-

segregation of twin-roll thin strip casting // Journal of Materials Processing



160

Technology. — 2005. — Ne 162-163. — P. 591-595.

47. Kloss W. Duennbandgiessen mit variablem Giessspalt. Umformtechnische
Schriften. Band 144. — Aachen: Shaker Verlag, 2005. — 179 s.

48. W.Kloss, C. Hockling, J.-U. Becker, L. Ernenputsch Herstellung innovativer
Stahlkonzepte {iber das BandgieBverfahren // Proceeding of 28. Aachner
Stahlkolloquium. — Aachen, 2013. — P. 217-227.

49. T'punun A.10O., [Hanep M., lanuenxo B.H. Ilonyuenue monoc u3 BBICOKOIPOYHBIX
QIIOMUHUEBBIX CIUIABOB BAJIKOBOM pa3iuBKON-TIpokaTkoil // OOpaboTka MeTayioB
nasnenueM. — 2011, — Ne 3 (28). — C. 184-194.

50. G. E. Totten, D. S. MacKenzi. Aluminum and Aluminum Alloys. Handbook of
Aluminum: Vol. 1, 1993. — P. 598.

51. Daamen M. Experimental and Numerical Investigation of Double Roller Casting of
Strip with Profiled Cross Section / M. Daamen, T. Forster, G. Hirt / ICTP. — 2011. —
Vol.2. —P. 598.

52. Xsuct B.A., I'puaun A.1O., Orunckuii M.K. Ctabunu3zanus moJioxeHus CTaIbHOM
MOJIOCKI B BaJIKOBOM KPHUCTAJUIM3AaTOpE TMPU TMOIYYECHUHM OUMETauIMYecKOoro
ATFOMHUHHEBO-CTAJILHOIO KOMIIO3MTa CIIOCOOOM BaJIKOBOM pPa3IUBKHU-TIPOKATKU //
Cospemennsbie mpobaemsl MeTamyprun. — 2012. — Nel5. — C. 3-13.

53. O. Yu. Grydin, Y. K. Ogins‘kyy, V. M. Danchenko, Fr.-W. Bach Experimental
Twin-Roll Casting Equipment for Production of Thin Strips // Metallurgical and
Mining Industry. — 2010. — Vol. 2(5) — P.348-354.

54. Antumua B.I'. Ilporpecc B mpoM3BOJCTBE TOHKHMX CTalbHBIX mojioc // brom.
«UYepnas metaimyprusi». M.: OAO «Yepmerundopmanus». — 2002. — Ne8. — C. 3-9.
55. Tumoxun O.A. KOHCTpYKTHUBHBIE U TEXHOJOTMYECKUE MTAPAMETPHI JIUThS CTAITBHOM
nosiockl // Yepubie metambl. — 2000. — Nel (suBaps) — C. 26-31.

56. Eropo B.B., Cocenko B.IO. IlepcriekTuBbl MPOM3BOJACTBA TOHKOW IOJOCHI
HEIIOCPEACTBEHHO M3 paciljiaBa cTajv U cruraBoB // B ¢6.: Hexenst metamnoB B Mockae.

CO. Tp. koHpepennuii u cemunapos. — M.: BHUMMETMALIIIL. — 2005. — C. 145-146.



161

57. HuxonaeB B.A. HekoTopbie 0COOEHHOCTH Tpoliecca OECCIUTKOBOM MPOKATKU
cTabHBIX ToJioc // [IponsBomcTBo mpokaTa. — 2007. — Ne 5. — C. 11-13.

58. bapanoBckuii O.®., Hnstomenko B.M., Koporkun [I'.Il., Kynarun E.B.
HenpeprsiBHOE 1HMThE TOHKUX JICHT B BAJIKOBBINM Kpuctaumsarop // JluteitHoe
npou3BoAcTBO. — 1999. — Ne 9. — C. 31-33.

59. Wechsler R. The status of twin-roll casting technology, comrison with conventional
technology // 11SI. —2001. — December. — P. 12.

60. Cocuncku M. Hx. u ap. Ilpomecc «Castripy — mocieaHUe IOCTHXKCHHUS Ha
IIPOMBITIIEHHOHN ycTaHoBKe 3aBoja Nucor Steel // Metamnypr. — 2008. — Nel12. — C.43—
46.

61. Maxanatpa P. Ilpomecc Castrip — COBpeMEHHOE COCTOSTHUE MPOMBIIUIEHHOTO
BHEJIPEHUS JIUThs TOJIOC U3 HU3KOyTIepoaucToit cranu // Yepnsie metamibl. — 2009. —
Ne4 (anpens). — C.47-51.

62. [lTanumoB A.T". JIByXBaJIKOBBIE JINTEHHO-TIPOKATHBIE arperaThl JJis MPOU3BO/ICTBA
TOHKHUX TOPSYEKATAHBIX CTAIBHBIX ToJIoC // DnektpoMeramtyprus. — 2014, — Ne2, —
C.12-16.

63. Shibuya K., Ozawa M. Strip Casting Techniques for Steel // ISU International. —
1991. — Vol. 31 (Ne7). — P.661-668.

64. Pynout JI.C., Ilopoxusseiii B.I'. TommuHa cinos okamuHbl, oOpasyromieicss Ha
MOBEPXHOCTH MOJIOCHI IIPH €€ OTJIMBKE B IBYXBaJKOBOM KpucTanzaTope // Metain u
muthe Ykpaunsl. — 2005. — Ne3—4. — C. 127 — 128.

65. Pygnoit JI.C. [IByxBasikoBasi ycTaHOBKa HenpepbiBHOM pa3nuBku ctanu (B YHPC)
// Metaimypruueckas U TOpHOpYIHas TpoMbIiuieHHOCTh. — 2010. —Ne7. — C. 244-246.
66. Uepusaxosckuii Bb.II., IToropenoB B.I1., Cmonsapenko B.Jl. IlpeumyinectBa u
NEPCHEKTUBBl PA3JIMBKU TOHKOW cTayibHOW mojockl // Mertammypr. — 2001, — Nel. —

C.43-46.



162

67. Eropor B.B., KopotkoB Bb.A., I'yimiun B.H. Pa3paboTka TexHojoruu moaBojaa
MeTaJljia B IByXBaJIKOBBIN Kpuctamuzatop MHJI3 // 3arotoButenbHOE IPOU3BOACTBO
B MamuHocTpoeHuu. — 2003. — Ne 10. — C. 39-41.

68. I'ymun B.H., YiuegaaoB B.A. OnTtumMuzanus nogsoaa MeTamia B JABYXBAJIKOBBIN
KPUCTAJIM3ATOP NMPHU HEMPEPHIBHOM JIMThe TOHKOM CTadbHOW MOJOCH // JIuTenmk
Poccun. — 2008. — Ne 2. — C. 38-42.

69. Girgensohn A., Buchner A.R., Tacke K.-H. Properties of low carbon steels
produced in the twin roll strip casting process // Black metals. — 2000. — Nell
(november). — P. 37-41.

70. bapanos W.P. Ilponecchl ruapoJIvHAMUKM W 3aTBEPIACBAHUSA NIPU ITOTYYECHHH
TOHKOT'O JIUCTa METOJOM JBYXBaJKOBOM pa3jIMBKU CIUIABOB HAa OCHOBE Xeje3a U
AJIFOMHWHUA. I[HCC@pTaHI/IH Ha COHCKaHHUC y‘—ICHOﬁ CTCIICHN KaHauJgaTa TEXHHUYCCKUX
Hayk: CnenumanbHOcTh 05.16.02. — MeTtamunyprusi 4epHbIX W IBETHBIX METAIOB U
CHELMANIBHBIX CIUIaBOB // DU3UKO-TEXHOJIOTMUECKH MHCTUTYT METAJNIOB U CIUIAaBOB
HannonanbHol akagemun Hayk Y kpaussl. — Kues, 2020. — 186 c.

71. Cronbuenko M.YO. BrnusiHue Temnepatypsl 1 CKOPOCTH Pa3iIMBKU HA TapaMeTphl
nedopMauy MpU  BaJKOBOM pa3iMBKE-IPOKATKE IMOJOC U3 BBICOKOIMPOYHBIX
ATFOMUHUEBBIX cIuTaBoB // OOpaboTka MaTepuaioB naBinenneM. — 2013. — Ne 3 (36). —
C. 173-179.

72. No¢ Cheung, Newton S. Santos, Jos¢ M. V. Interfacial heat transfer coefficients and
solidification of an aluminum alloy in a rotary continuous caster // International Journal
of Heat and Mass Transfer. — 2009. — Vol. 52 (Ne 1). — P. 451-459.

73. Guthrie R.l.L., Isac M., Kim J.S., Tavares R.P. Measurements, simulations, and
analyses of instantaneous heat fluxes from solidifying steels to the surfaces of twin roll
casters and of aluminum to plasma-coated metal substrates // Metallurgical and
Materials Transactions. B. Process Metallurgy and Materials Processing Science. —
2000. — Vol. 31 (Ne 5). — P. 1031-1047.

74. Ohler C., Odenthal H.-J., Pfeifer H., Badowski M., Kopp R. Laser-optical



163

measurements and CFD simulation of a twin-roll strip caster water model with a roll
width of 150 mm // Proc. of 4th European Continuous Casting Conference. — 2002. —
P. 945-955,

75. Miyazava K., Szekely A. A mathematical model of the splat cooling process using
the twin-roll technique // Metallurgical and Materials Transaction. A. Physical
Metallurgy and Material Science. — 2001. — Ne 12 (6). — P. 1047-1057.

76. Saitoh T. et al. Two-dimensional model for twin-roll continuous casting //
Metallurgical and Materials Transaction. B. Process Metallurgy and Materials
Processing Science. — 1999. — Ne 20 (3). — P. 381-390.

77. Santos C. A. Modeling of solidification in twin-roll strip casting // Journal of
Materials Processing Technology. — 2000. — Ne 102. — P. 33-39.

78. Guthrie R.1.L. Mathematical and physical modelling of steel flow and solidification
in twin roll (horizontal belt thin strip casting machines) // Inter Conf. on CFD in Mineral
& Metal Processing and Power Generation. CSIRO. — 1997. — P. 41-54.

79. Tavares R. P., Guthrie R.I.L. Computational fluid dynamics applied to twin-roll
casting // Canadian Metallurgical Quarterly, 1998. — Ne 37(3—4). — P. 241-250.

80. Chang J.G., Weng C.I. Numerical modelling of twin-roll casting by the coupled
fluid flow and heat transfer model // International Journal for Numerical Methods in
Engineering. — 1997. — Vol. 40. — P. 493-509.

81. Sahai Y., Saxena A. Modeling of twin-roll thin strip casting of aluminum alloys //
Light Metals. — 2002. — P. 206-213.

82. Lin H.J. Modelling of flow and heat transfer in metal feeding system used in twin
roll casting // Modelling and Simulation in Materials science and Engineerung. — 2004.
—Vol. 12. - S. 255-272.

83. Sarioglu K., Thevoz K. Simulation of solidification process used in twin roll casting
// Light metals Warrendale Proceedings. — Warrendale: TMS, 2003. — P. 747-752.

84. Cruchaga M.A., Celentano D.J., Lewis R.W. Modelling of twin-roll strip casting
processes // Commun. Numer. Meth. Engng. — 2003. — Ne 19. — P. 623-635.



164

85. Hu X.D., Ju D.Y. Simulation of Inelastic Deformation and Thermal Mechanical
Stresses in Twin-roll Casting Process of Mg Alloy // Key engineering materials. — 2007.
— Ne 340-341. — P. 877-882.

86. Zeng J., Koitzsch R., Pfeifer H., Friedrich B. Numerical simulation of the twin-roll
casting process of magnesium alloy strip // Journal of Materials Processing Technology.
—2009. — Vol. 209. — P. 2321-2328.

87. I'pugun A.1O., Jlanuenko B.M. Marematudeckoe MOJAEIUPOBAHHE MpoIecca
BAaJIKOBOM  pPa3JMBKU-TIPOKATKX  Npu  nomouu  mnporpammbl  ANSYS  //
Mertamnypruyeckasi 1 ropHOpyaHasi mpoMbIiuieHHOCTh. — 2008. — Ne 5. — C. 90-94.
88. I'punnn A.FO. MaremMatnueckoe MOJIETMPOBAHUE TEMIIEPATYPHOTO MO METAJLIA
¥ BajJKOB B IIPOIIECCE BAJIKOBOWM paszNuBKU-TIpoKaTku // OOpaboTka MarepuaioB
naBineHueM: 0. Hayd. Tp. — Kpamaropck: [ITMA, 2009. — Ne 1 (20). — C. 75-83.

89. Cronbduenko M.IO., I'pugun A.1O. Ilpumenenue moaynss ANSYS Flotran ans
MOJICIMPOBAHUSl TpoOIlecca BaJIKOBOM pazNUBKU-TIpoKaTKu mojioc // OOpaboTka
MaTepHuayoB JaBjieHueM: c0. Hayd. Tp. — KpamaTtopck: IT’'MA, 2011. — Ne 3 (28). — C.
41-44,

90. Mo A., Hoydal S.H. Mathematical modeling of temperature, melt flow, deformation
and stress in aluminum twin roll casting // Modeling of Casting, Welding and Advanced
Solidification Processes. —1993. — Vol. |. — P. 671-677.

91. Jarry P., Toitot D., Menet P.Y. Thermomechanical Model for
HypelasticViscoplastic Behavior in a Solidifying Body // Light Metals. — 1996. — P.
905-911.

92. Sahai Y., Saxena A. Modeling of twin-roll thin strip casting of aluminum alloys //
Light Metals. — 2002. — Vol. Il. — P. 206-213.

93. HypanunoB A.C., Haxaes M.P. Ilpouecchl kpuctramimzauuu U (opMUpPOBaHUS
CTPYKTYPBI JIUTBIX 3aroTOBOK. — ['po3ubiil: ®DT'BOY BO UI'Y. —2020. — 170 c.

94. CksopuoB A.A., Axumenko A.Jl[. Temnonepenadya u 3aTBEepAEBaHHE CTalud B

YCTaHOBKax HENMPEPBIBHOM pa3nuBKu. — M.: Metamtyprus, 1966. — 190 c.



165

95. Camorinosuu FO.A. Kpucramnm3anusa CIuTKa B 3JIEKTPOMAarHUTHOM Tojie. — M.:
Metamnyprus. — 1986. — C. 154.

96. Edpumo B.A., DnpmapxanoB A.C. CoBpeMEHHbIE TEXHOJIOTMH PAa3jUBKH U
KpUCTaJUIM3aluu ciiaBoB. — M.: MammHoctpoenue, 1998. — 360 c.

97. Heimanu A.X., Kopuumerm M.B. OcHoBbl Teopuu moaobuss u (U3HUYECKOTO
MozenupoBanus. — Kues: Hamr gpopmar, 2016. — 172 c.

98. Eponbko C.II., bsikoBckux C.B. ®usznueckoe MOJEIMPOBAHHE MPOLECCOB
BHETNIEYHOW 00pabOoTKHU U pa3nuBku ctayu. — Kues: Texnuka, 1998. — 136 c.

99. I'yxman A.A. Beenenue B Teoputo rmojgodus. — M.: Beicmas mkona, 1973. — 295 c.
100. T'yxman A.A. IlpuMeHeHue Teopur MNOJOOMS K HCCIEIOBAHHUIO IPOLIECCOB
TemomaccoooMena. — M.: Bricias mkoia, 1974. — 328 c.

101. Mapxkos b.JI., KupcanoB A.A. ®usznueckoe MOAECTUPOBAHUE B METAJUTYPIUU. —
M.: Meraimyprus, 1984. — 119 c.

102. 3unoBbeB B.E. KuneTnueckue cBOKMCTBA METAIIJIOB MPU BBICOKUX TEMIIEpATYpax.
// CnipaBouHuK. — M.: Metamuyprus, 1984. — 200 c.

103. 3unoBbeB B.E. Temnodusnueckue CBOMCTBA METANIOB TMIPU  BBICOKUX
temriepatypax. // CrnpaBounuk. — M.: Meramnyprus, 1983. — 384 c.

104. T'anguun H.M., Yepuera [.®. u np. IIBetHoe nuthe. // CnpaBouHuk. — M.:
Mammnoctpoenue, 1989. — 528 c.

105. DnpnapxanoB A.C., Epumon B.A., Hypaguaos A.C. IIpoueccsl hopmupoBanus
OTJIUBOK U UX MojaeiupoBanue. — M.: Mammnoctpoenue, 2001. — 206 c.

106. CkBopuioB A.A., Akumenko A.Jl., YibsHoB B.A. BiausHue BHEIIHUX BO3ACHCTBUM
Ha npouecc (GOpMUPOBAHUS CIUTKOB U 3aroToBOK. — M.: Metaimyprus, 1991. — 216 c.
107. Eptee I.I1., Konsibanos M.H. HenpepriBHoe nmuthe ctamu. — M.: Mertamnyprus,
1984. - 198 c.

108. Cnanxomrees B.T., [Toranun P.B., Cynaaze O.H. u np. HenpepsiBHast paznuBka

CTaJIM Ha paJvaibHBIX ycTaHOBKax. — M.: Meramutyprus, 1974. — 298 c.



166

109. Jemmvanu  A.X., Tposuckuii A.A. Bompockl TtemiomaccooOMeHa B
cTanemiaBuwibHbIX Tporeccax. — Jonenk: JIBH3 «lonHTY», 2009. — 582 c.

110. bopmanckuii B.M., Kyrarenanze C.C., HoBuko M.W. Kuakomeraminyeckue
TerioHocuTeln. — M.: Atomusaar, 1976. — C. 146.

111. HypanunoB A.C., DnbnapxanoB A.C., Ipimany A.X., Hypagunos N.A. Crioco6
ONTUMM3AIIMHU TETIOBOM paboThl kpuctaumzaTopa MHII3 // [Iponeccrt muths. — 2016.
— Ne2. — C. 42-51.

112. Hypanunos A.C., DnpaapxanoB A.C., AxraeB C.C-C., ¥3aueBa H.C. CxkopocTh
JBIKEHUS TEIUIOHOCUTENs B KpucTtaumszaTtope MHII3 kak dakTop uHTeHCH DUKAIIUU
TEMI000MEHHBIX TIporieccoB B HeM // Ctanb. — 2017. — Ne3. — C. 19-21.

113. HypanunoB A.C., HoroBuisiH A.B., Hypaaunos M.A. Mertoauka onpeneneHus
Kod(ppuireHTa TEIIO0TAAYM TeIIOHOCUTENs B KpucTtaiuzaTope MHJI3 // Tpotieccer
muthst. — 2017, — Ne2. — C. 45-52.

114. HypagunoB A.C., Horosuiuisin A.B., HypagunoB U.A., bapanoB U.P. Bnusinue
GopMBl TTOBEPXHOCTH TEIIoOOMeHa Ha 3(PQEKTUBHOCTh TEIUIOBOM pabOThI
kpucrtaumzatopa MHII3 // TTponeccot muths. — 2017. — Ne3. — C. 43-51.

115. OnppapxanoB A.C., HypamunoB A.C., ¥Y3mueBa H.C., Hypamunos W.A.
OnTumuzanus TermioBor padoTel kpuctamumiaTopa MHJI3 // Merammypr. — 2019. —
Nel. - C. 17-23.

116. Horosuusia A.B., bapanos U.P., Hazapenko B.A., Mamkun A.M. ®uznueckoe
MOJICIMPOBAaHUE TEUEHHUS pacIuiaBa MpU BaJIKoOBOUM pasnuBke // Ilporecchl muThs. —
2015. — Ne 4. — C. 69-73.

117. COMSOL multiphysics modeling and simulation software [DnexrponHbIi
pecypc]. — Pexxum moctyma: http: /www.comsol.com/.

118. HypamunoB A.C., OnppapxanoB A.C., Kongpartse IO.U., Hypagunos M.A.
Pa3paboTka  TEXHOJNOTMYECKHX  PEKUMOB  BAJKOBOM  pPAa3IMBKU — MPOKATKH

Metaunyecknx cruiaBoB // Cranb. — 2021, — Ne 10. — C. 8-12.



167

119. Nuradinov A.S., Eldarkhanov A.S., Kondratyevc Yu.l.,, Nuradinov I.A.
Development of Production Regimes for Twin-Roll Casting of Metal Alloys // Steel in
Translation. — 2021. — Ne10. — P. 723-727.

120. HypanunoB A.C., ¥Y3nueBa H.C., AxtaeB C.C.C., UcaeBa M.P. MonenupoBanue
poIiecca BAJIKOBOU pa3nuBKU-TIpoKaTku MeTauioB // Bectauk [THTY. Texanueckue
Hayku. — 2021. — T. 17. — Ne 3 (25). — C. 25-32.

121. T'onukoB U.H., Macnenkos C.b. JlennpuTHast TMKBalys B CTAJIH U CIlaBax. — M.:
Meramnyprus, 1977. — 222 c.

122. JIsxumes H.I1. KoHCTpyKIIMOHHBIE U HEKOTOPHIE GYHKIIMOHATBHBIC MaTEPUAIIHI,
Hacrtosiee u Oyaymiee // CoBpemeHHoe MaTepuanoBeaeHue XX crojerus. — Kues:
Hayk. mymka, 1998. — 296 c.

123. bopucoB B.T. Teopus nByxda3HOW 30HBI METALNTUYECKOTO CIUTKA. — M.:
Meramnyprus, 1987. — 224 c.

124. Sztekeli J., Themelis N. Kate phenomena in Process Metalurgi. // New-York —
Sydney — London — Toronto, Wiley Intenclence a Division of Johu Wiley Sons, Inc. —
1971. - 784 p.

125. bantusmanckuii B.U., IloxkuBanoB A.M. u np. IloBbimenune 3¢peKTUBHOCTH
MPOM3BOJCTBA CTAIBHBIX CIUTKOB. — M.: Metaiutyprus, 1992. — 336 c.

126. KaBacaku C., Kamumopu T., Bakena W. u ap. TexHonorus yiay4dlieHusl KauecTBa
MOJKOPKOBOTO CJIOS 3arOTOBKM B TIPOLIECCE OTJIMBKH OJIOMOB HENPEPHIBHBIM
criocoboMm // Tamy To xanare. — 1987. — C. 86-281.

127. HypanunoB A.C., OnbaapxanoB A.C., AxtaeB C.C-C. u ap. CKOpOCTb JBUKECHUS
TeIJIoOHOcuTeNss B  Kpuctaumzatope MHJI3 kak Qakrop HHTEHCHpUKALMU
TeII000MeHHBIX mporieccoB B HeM // Ctanb. — 2017. — Ne3. — C. 19-21.

128. Hypanunos A.C., Horosinun O.B., bapanos 1.P., Cipenko K.A., Hypazainos [.A.
TernmooOMiHHI MPOIECH MPU BAJIKOBIN PO3TUBII-TIPOKATII MeTaliB // Merta Ta IUTTS

VYxpaiau. — 2022. — Ne2. — C. 47-53. DOI: 10.15407/steelcast2022.02.047



168

129. MuxeeB M.A., MuxeeBa M1.M. OcHoBbl Temonepenauu. — M.: Dueprus, 1977, —
344 c.

130. Kyzuemno B.JI. Hayunble uccienoBaHusi B 00JacTU SICPHONM SHEPreTUKU B
TeXHUYEeCKUX By3ax Poccuu. CO. Hay4. TpynoB — M.: U3natensctBo MOU, 1999. — 280
C.

131. IIBetkoB ®.D., ['puropseB b.A. TermnomaccooOmMeH. YueOHUK AJig By30B. — M.:
M3 narensckuii jom MOU, 2011. — 562 c.

132. lllnuxTtunr I'. Teopus norpanuunoro ciosi. — M.: Hayka, 1974. — 711 c.

133. Jlanun FO.B. CraTtuctudeckas Teopusi TypOyiaeHTHOCTH // HayuHO-TeXHUUECKHE
BegomocTH. — 2004, — Beimyck 2. — "[IpoGaemsl TypOyIeHTHOCTH U BBIYUCIUTEIbHAS
a’poauHamuka'. — 35 c.

134. Jlonusguckun JI.I'. Mexanuka xxuakoctu u raza. — M.: Hayka, 1978. — 736 c.

135. ITatankap C. YucieHHbIE METOJbI PEIICHHS 3ajay TermIo00OMeHa U JTUHAMUKU
XKUIKOCTH. — M.: DHeproaromusaat, 1984. — 152 c.

136. Poyu I1. BeruucnurensHas rugpoauaamuka. — M.: Mup, 1980. — 618c.

137. Launder B.E., Spalding D.B. Mathematical models of turbulence. — London / New
York: Academic Press, 1972. — 169 p.

138. JlanteB A.I'. Moaenu morpaHMYHOTO CJOS M pacdeT TEemI0-MacCOOOMEHHBIX
npoiieccoB. — Kazann: M3natenscTBo Kazanckoro ynusepcurera, 2007. — 500 c.

139. Oscuenko /[.E. 3apoxaeHue u pocT KpHCTAIOB M3 paciuiaBa. — Kues: Hayk.
Hymxka, 1994. — 256 c.

140. Yanmepc b. Teopus 3arBepaeBanus. — M.: Metammyprus, 1968. — 288 c.

141. banangun I'.®. ®opmupoBaHre KPUCTALIUYECKOTO CTPOCHUS OTIMBOK. — M.:
Mamnoctpoenue, 1979. — 288 c.

142. ®aemunrc M.C. Iporneccel 3atBepaeBanus. — M.: Mup, 1977. — 423 c.

143. HypamunoB A.C., Horosinun O.B., IIkonspenxo B.Il., Hypaninos I A.
dopMyBaHHS CTPYKTYPH JIMCTOBHX 3arOTOBOK IPH BaJKOBIM PO3IUBII MeETaliB //

[Mponecu yuttsi. — 2022. — Ne 4 (150). — C. 13-21. DOI: 10.15407/plit2022.04.013



169

144. Itayama S., Tozawa H. and Sorimachi K. Control of early, solidification of strand
cast slabs by horizontal mold oscillation synchronized with vertical mold oscillation //
Steelmaking conference proceedings. — 1994. — P. 366-368.

145. Tunnep B., JIxekcon K., Hanmepc b. u np. ®usnyeckoe meramwioBegeHue. — M.:
Mup, 1967. —490 c.

146. Nuradinov A.S., Nogovitsyn A.V., Nuradinov I.A. and oth. Research of possibility
of control of the formation of crystal structure of metal alloys // Science and innovation.
—2020. —16(4). — P. 67-73. DOI: 10.15407/scine16.04.067

147. HypanunoB A.C., llIxonspenko B.I1., Hypaninos I.A., Huctskos O.B., 3ybenina
H.®. BriiuB mBUIKOCTI OXOJIOKEHHS MPU KPUCTAIi3allll Ha CTPYKTYypy ciuiaBiB B95
ta JI16 // HaykoBo-TexHiuHu# x)ypHan "Merano3HaBcTBO Ta 00poOka mertaniB". —
2023. — Ne2. — C. 36-43. DOI: 10.15407/mom2023.02.036

148. HypaaunoB A.C., Ilpurynosa A.I'., eiiram B.1O., Bepauny6 A.I'., Hypagunos
N.A. ®usnyeckue MeToAbl ymnpaBiieHUs (POPMUpPOBAHUEM CTPYKTYpbl METaLIoOB //
Metann wu mutee Ykpamnael. — 2020. — Ne2. — C. 64-71. DOI:
10.15407/steelcast2019.10.064

149. HypaninoB [.A. KonuenryanpHi 3acaid BaJKOBOI  PO3JIMBKU-TIPOKATKU
BHCOKOMIITHHMX aroMiHieBUX cruiaBiB // Metan Ta siuttsa Ykpainu. — 2023. — Ne4, — C.
34-40. DOI: 10.15407/steelcast2023.04.04

150. HoroBuusia A.B., Hypanunos A.C., IlpsirynoBa A.I'., Kynosa B.3., Aronosa
T.A., HypagunoB M.A. CTpykTypa U CBOICTBA JHUTOW JIeHTH U3 craBa (16 B
TEXHOJIOTUYECKOM LIETIOYKE «BaJIKOBAsl pa3jiMBKa — ropsiyas mpoKaTka — TepMHUUECKas
obOpaboTka» // MetaioBenenue u oobpadotka metauioB. — 2020. — Ne2. — C. 49-59.
DOI: 10.15407/mom2020.02.049

151. HypagunoB A.C., HoroBuupbin A.B., 'onuapos A.JI., Hypagunos U.A. Bnusiaue
ropsiueil MpoKaTKu M TEPMHUYECKOM O0OpabOTKM HAa MEXaHWYECKHUE CBOMCTBA JUTOU

aeHtel w3 cmwiaBa B95 // «Jlutee. Metammyprust 2020»: Matepuansr 16 (9)



170

MEXIYHAPOJHOW Hay4dHO-NpakTudecko KoHpepeHiuu, 6-10 centsadps, 2020.
3anopoxbe, Ykpauna, c. 106-107.

152. 3axapo E.J[., JluBanoB B.A. AmtomuHueBbie criaBbl. [InaBka W JIAThE
AIFOMUHUEBBIX CIUIaBOB. — M.: Meramnyprus, 1970. — 232 c.

153. HoroBuupiH A.B., HypanunoB A.C., 'onuapoB A.JI., Hypagunos U.A. Bnusiaue
ropsiueil MpoKaTKu M TEPMHUYECKOM OOpabOTKM HAa MEXaHWYECKHUE CBOMCTBA JUTOU
nentel w3 cmwiaBa J[16 // «Jlutee. Metammyprus 2020»: Matepuansr 16 (9)
MEXIYHAPOJIHOW Hay4dHO-NpakTudecko KoHpepeHiuu, 6-10 centsadps, 2020.
3anopoxbe, YkpauHna, c. 103-105.

154. Hypagunos A.C., Horosuuein A.B., 'onuapos A.JI., Hypagunos U.A. Bnusnue
ropsiuel MpOKaTKU W TEPMHUUECKOM 00pabOTKM Ha MEXaHMYECKHE CBOWCTBA JIUTOU
neHTbl w3 cmiaBa AMrS // «Jlutee. Metamnyprus 2020»: Matepuanst 16 (9)
MEXIYHApOJHOM Hay4HO-TIpakTUYeckol KoHdepenuuu, 6-10 cenrsaOpp, 2020.

3anopoxbe, Ykpauna, c. 108-109.



171

JOJATKH

JOJATOK A
CIIUCOK MYBJIKAIIN 3/IOBYBAYA 3A TEMOIO JJUCEPTALIL
Cmami y suoanusax YKpainu, aKi 6K1104eHHI 00 MIXCHAPOOHUX
HAYKOBOMEemMPUUHUX 0a3:

. Nuradinov, A.S., Nogovitsyn, A.V., Nuradinov, I.A. and oth. Research of
possibility of control of the formation of crystal structure of metal alloys //
Science and innovation. - 2020. - 16(4). - P. 67-73. DOI:
10.15407/scinel16.04.067

Cmammi y xcypranax, wio éKatoueHi 00 nepeniky gaxosux euoanv Ykpainu:

. Hypanunos A.C., [Ipurynosa A.T"., llleiiram B.1YO., Bepuuny6 A.I'., HypaauHos
N.A. ®uznueckre METOIbl yIpaBieHus: ((OPMUPOBAHUEM CTPYKTYpPbI METAJIIOB
// Merann u nutbe VYkpaunbl. — 2020. — Ne2. — C. 64-71. DOI:
10.15407/steelcast2019.10.064

. HoroBinma O.B., HypagunoB A.C., Ilpurynosa A.I'., Kyuosa B.3., Aronosa
T.A., Hypaninos [.A. CtpykTypa i BIaCTHUBOCTI JIUTOI CTPIUKH 31 criiaBy J[16 B
TEXHOJIOTTYHOMY JIaHI[IO’KKY «BaJIKOBA pPO3JIMBKA — rapsiya MpoKaTka — TepMiyHa
o0pobOka» // HaykoBo-TexHiuyHUN >XypHal "MeTtao3HaBCTBO Ta 0OpoOKa
metamiB". — 2020. — Ne2. — C. 49-59. DOI: 10.15407/mom2020.02.049

. Hypanunos A.C., Horosiun O.B., bapanos I.P., Cipenko K.A., Hypaninos [.A.
TennooOMiIHHI POTIECH TP BAJTKOBIM pO3NMUBII-TIPOKATII MeTamiB // Metan ta
autta Ykpainu. — 2022, — Ne2. — C. 47-53. DOI: 10.15407/steelcast2022.02.047
Hypaguno A.C., Horoinma O.B., Hlkonspenxo B.I1., HypaninoB I.A.
dopMyBaHHS CTPYKTYpPH JIMCTOBHX 3arOTOBOK MPU BAJIKOBIN PO3IUBII METaIIB
// Ipouecn mutra. — 2022. — Ne 4 (150). — C. 13-21. DOIl:
10.15407/plit2022.04.013



172

6. HypamunoB A.C., llkomspenko B.II., HypaninoB I.A., Yucrtaxo O.B.,
3ybenina H.®. BnnmB MMBHUAKOCTI OXOJNOMKEHHS TNpU KpHCTamizalii Ha
cTpykTypy cmiaBiB B95 Tta {16 // HaykoBo-TexHIYHUN KypHal
"Merano3HaBcTBO Ta 00poOka MmeramiB". — 2023. — Ne2. — C. 36-43. DOI:
10.15407/mom2023.02.036

7. HypaninoB [.A. KoHuenrtyanbHi 3acaad BajlKOBOI PO3JTUBKU-TIPOKATKU

BHCOKOMIITHUX JTFOMiHI€BUX CIUIaBiB // Metan Ta mutTs Ykpainu. — 2023. — N4,

— C. 34-40. DOI: 10.15407/steelcast2023.04.04

Hayxkoegi npaui, aki 3aceiouyroms anpoodauito mamepianie oucepmauii:

8. Horosiun O.B., Hypanunos A.C., I'onuapos O.JI., bapanos I.P., [lerpenko
J.0., HypaninoB 1.A. BrnuB raps4oi neopmarnii Ta TepMidHOi 0OpoOKM Ha
MEXaHI4YHl BJIACTUBOCTI JIUTOI cTpuuki 31 cmnaBy J[16. «JIutBo. Metamypris
2020»: Matepianu 16 (9) MisxkHapoHOM HAYKOBO-TIPaKTUYHOM KOHpepeHTIIii (6-
10 Bepecus 2020 p. M. 3amopixxs, Ykpaina). C.103-105.

9. Horosinua O.B., Hypanunos A.C., I'onuapo O.JI., bapanos I.P., IleTpenko
1.0., Hypaninos 1.A. BrmuB rapsuoi nedopmariii Ta TepMidHOi 00poOKu Ha
MEXaHI4YH1 BJIACTUBOCTI JIUTOI CTpUUKl 31 ciaBy B95. «JIutBo. Metamypris
2020»: Matepianu 16 (9) MixxHapoHOM HayKOBO-TIpaKTUYHOM KOHpepeHTIii (6-
10 Bepecus 2020 p. m. 3amopixoks, Ykpaina). C. C.106-107.

10. Horoginiua O.B., Hypagunos A.C., 'onuapos O.JI., bapanos I.P., Ilerpenko
J1.0., Hypaninos I.A. BrimuB rapsuoi gedopmariii Ta 3MilHIOI0490T 00poOKH Ha
MEXaHI4H1 BJACTUBOCTI JHUTOI CTpUUKi 31 criaBy AMrS. «JIutBo. Metanypris
2020»: Matepianu 16 (9) MixxHapoiHO#M HayKOBO-TIpaKTUYHOM KOH(pepeHTIii (6-
10 Bepecus 2020 p. M. 3anopixoks, Ykpaina). C.108-109.

11. A.S. Nuradinov, Yu.l. Kondratyevc, I.A. Nuradinov Roller casting and rolling
of aluminum alloys. «<xADVANCES IN TECHNOLOGY AND SCIENCE»



173

Abstracts of XII International Scientific and Practical Conference Berlin,
Germany, March 16 — 19, 2021, s. 283-288.

12. A.S. Nuradinov, Yu.l. Kondratyevc, N.S. Uzdieva, S.S-S. Akhtaev, LA.
Nuradinov. Ingotless rolling of high-strength heat-hardenable aluminum alloys.
Il International Scientific and Practical Conference "SOCIETY AND
SCIENCE. PROBLEMS AND PROSPECTS", 25-28 January, 2022. London,
England, s. 551-554.

13. Hypanunos A.C., I'onuapos O.JI., Hypaainos [.A., llIkonspenxo B.I1., Cipenko
K.A. TemnooOMiHHI TIpOLIECH y BAJIKOBOMY KPHUCTaIi3aTopi Mpu OE3TUTKOBIN
npokati MetaniB. Marepiamn XVIII  MixkHapoaHOI HayKOBO-ITPaKTUYHOL
koH(pepenmii «JlutBo 2022» Ta Xl MIDKHAPOAHOI HAYKOBO-TIPAKTUYHOL
koHbpepenuii «Metamypris 2022». 4-5 xoBTtHs, Kuis. — C. 109-113.

14. HypaninoB A.C., Horositun O.B., Hypaninos 1.A., bapanos I.P., 3yOeHina
H.®. MogentoBanHs TpoleciB  KpucTamizamii 1 (QopMyBaHHS JHUCTOBUX
3aroTOBOK IIpH 0€331MTKOBIM mpokarii MmetaniB. Matepianu XVIII mixHapogHoi
HAyKOBO-MPakTUUHOI KoH(pepeHIii «Jlutpo 2022y ta XI Mi>kHapoHOT HAYKOBO-
npakTuyHoi KoHpepeniii «Meramypris 2022». 4-5 xostHs, Kuis. — C. 113-115.

15. HypagunoB A.C., Ilxonspenko B.II., Ywuctakos O.B., Hypaginos [.A.,
3y6enina H.®. [locnikeHHs BIUTUBY MIBUAKOCTI OXOJO/KEHHS HA CTPYKTYPY
cruiaBie B95 Ta J[16. Martepianu 1X MixkHapoaHOT HayKOBO-TEXHIYHOL
koH(pepenii «llepcnexkTuBHI TEXHOJIOTiI, Marepiaau W oOJiagHAaHHA B

auBapHOMY BUpoOHHMITBI» KpamaTtopcrk, 25-27 Bepecus 2023. — C.96-99.



JIOJIATOK B

AKT
AOCTIAHO-eKCIePHMEeHTAIBHOT MNepeBipKH TeXHOJIOrN1HOro npouecy
BHIOTOBJIEHHS JIHCTOBOIO MPOKATY 3 aJllOMiHieBoro ciiasy B95S merogom
[ABOBAJIKOBOI PO3JIMBKH-IIPOKATKH

Lleit akT ckialeHuit npo Te, IO B YMOBaxX AOCIiAHO-NIPOMHUCIOBOrO JIMBAPHOTO
uexy @i3sMKO-TeXHONOrYHOro IHCTHTYTY MeTaniB Ta cmuaBiB HAH VYkpainu
NpoBeacHa AOCHIAHO-EKCIIEPUMEHTAIbHA IepeBipKa TEeXHONOTIYHOro MpoLEecy
OTpUMaHHs JIMCTOBOI 3aroTOBKH 3 BUCOKOMIiIIHOro crutaBy B95 cucremu Al-Zn-Mg-Cu
3 BHKOPMCTAHHAM JIBOBAJIKOBOI JIMBApHO! MaIlMHH. BH3HadYeHHs mapaMeTpiB
TEXHOJIONIYHOTO MpOLieCy JIBOBAIKOBOI PO3JIMBKHA-NPOKATKH IBOTO CIUIaBy OyiH
NpoBe/ieHl MpyH BUKOHAHHI JHceprauiiHoi poboTH Ha 3400yTTS HayKOBOI'O CTYIEHIO
nokropa (inocodii 3a cneniansuictio 136 «Meranypris» Hypaninosa L A.

CyTHICTb TEXHOJOrYHOro TMpoIecy BHUIOTOBIEHHA TOHKOrO TNPOKaTy 3
BHCOKOMILIHMX alFOMIHIEBHX CIUIABIB 3 LIMPOKHM iHTEpBaJIOM KpHCTai3auii nossrana
B BM3HauyCHHI YMOB | peKHMIB BeIEHHS TNpOIECy, siki 3abe3ne4yioTh cTabinpHE Ta
GesnepepsHe GOpMyBaHHs AKICHOT JINCTOBOI 3aTOTOBKH.

B pesynbrati J0CHiIHO-IPOMHCIOBMX BHIOpOOyBaHb Oy/iu BH3HAYEHHI
ONTHMallBHI TEXHOIOTiYHI NapamMeTpH (TeMneparypHi, MIBHAKICHI, aedopmauiiini)
ABOBAIKOBOT POIHBKH-TIPOKATKA BHCOKOMILIHMX AlIOMIHIEBHX CILUIaBiB cHCTeMM Al-
Zn-Mg-Cu 3 LHUPOKHM 1HTEpPBaJIOM KpHCTamizalii, 70 AKHX HaJIEKHUThb 1 cruia B95
(>160°C). Tlpu uboMy HeoOXiaHO BIAMITHTH, IIO BIIEpIIe B CBIiTOBIH MpaKTHLI
METOAOM JIBOBAJIKOBOI pPO3JIMBKHU-IIPOKATKH OTpHMaHa JIHCTOBAa 3aroToBka 3
amoMinicsoro criasy B9S 3 sKICHHM CTaHOM TOBEPXHi, OJHODPIIHOIO CTPYKTYPOIO i
BHCOKHM piBHEM MeXaHiYHHX BJACTHBOCTEH.
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